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Curvature in biological membranes defines the morphology of cells and organelles 
and serves key roles in maintaining a variety of cellular functions, enabling 
trafficking, recruiting and localizing shape-responsive proteins. For example, the 
bacterial protein SpoVM is a small amphipathic alpha-helical protein that localizes to 
the outer surface of a forespore, the only convex surface in the mother bacteria. 
Understanding several of these membrane curvature dependent events rely on a 
thorough understanding of the properties, energetics, and interactions of the 
constituent lipid molecules in presence of curvatures.   
 
In this dissertation, we have used molecular dynamics (MD) simulations to explore 
how the curvature of the lipid bilayer (LBL), a simplified mimic of the cell 
membrane, affects the packing fraction and diffusivity of lipid molecules in the LBL, 
energetics of lipid flip flop in the LBL, and lipid desorption from the LBLs. We have 
  
also investigated the interaction between LBLs and a small bacterial protein, SpoVM, 
which was previously shown to preferentially embed in positively curved membranes. 
Our work started with simulating convex surface, represented by the nanoparticle 
supported lipid bilayers (NPSLBLs) in MD. We first quantified the self-assembly, 
structure, and properties of a NPSLBL with a diameter of 20 nm and showed how the 
type of the nanoparticle (NP) affects the properties of the NPSLBLs. Second, we 
studied the energetics of lipid flip flop and desorption from LBLs for the cases of 
planar substrate supported lipid bilayer (PSSLBL) and NPSLBL. Finally, we 
investigated the energetics of SpoVM desorption from the PSSLBL and the NPSLBL 
providing clues to the fundamental driving forces dictating the curvature sensing of 
SpoVM.  
 
In Chapter 1, we discuss the motivation, methods, biological relevance, and the 
overall structure of this thesis. In Chapter 2, the structure and properties of a pre-
assembled NPSLBL were studied. In Chapter 3, we report the MD simulation results 
on the structure and properties, such as diffusivity, of the lipid molecules within the 
LBLs of the NPSLBLs formed through the self-assembly route. We compare our 
findings with that of unsupported lipid bilayer nanovesicles (NVs). Our results show 
that the structure of the NPSLBLs, although affected by the type of the NPs, is still 
similar with the free NV consisting of identical number and species of lipid. On the 
other hand, the properties such as the diffusivity of the lipid molecules within the 
LBL are significantly different between the cases of NPSLBL and the free vesicle. 
Results are provided for different combinations of the lipid molecules and the NP 
  
materials. The findings described in Chapters 2 and 3 will be eventually useful in 
long-term for designing new generation of NPSLBLs as drug carrier. In Chapter 4, 
we focus on the lipid flip-flop and desorption from the LBLs for NPSLBLs and 
PSSLBLs. We investigated the energetics of a lipid molecule traversing through the 
lipid bilayer (from inner-to-outer and outer-to-inner leaflet) as a function of the 
position of the hydrophilic head group of the lipid within the LBL. We obtained the 
potential of mean force (PMF) by using umbrella sampling. Most importantly, we 
observed little effect of the curvature in the variation of the lipid flip-flop PMF, 
establishing that the energetics of lipid migration within the supported bilayer, which 
implies that energy changes associated with bilayer fluctuations, is independent of the 
shape of the supported bilayer. The conclusion is supported by the reported 
experimental results. Next, in Chapter 5, MD simulations are carried out to reveal the 
energetics of a single SpoVM protein undergoing desorption from LBLs of NPSLBLs 
and PSSLBLs. The free energy comprises of five different contributions: 1) the free 
energy change for deforming the protein in the bilayer with respect to the 
conformation of the protein in the membrane, 2) the free energy change for 
reorienting the protein in the bilayer about the first Euler angle with the conformation 
of the protein restrained, 3) the free energy change for reorienting the protein in the 
bilayer about the second Euler angle with the conformation and the first Euler angle 
restrained, 4) the free energy change for changing the position of the center of the 
protein from the membrane to the bulk water with conformation and both Euler 
angles restrained, and 5) the free energy change for deformation of the protein in the 
bulk water with respect to the conformation of the protein in the membrane. Through 
  
these simulations, we confirmed that SpoVM prefers NPSLBLs rather than PSSLBLs, 
indicating by a lower free energy change. Additionally, we revealed that the SpoVM 
membrane sensing is based on the interplay between the packing of the hydrophilic 
head groups of the lipids and the packing of the acyl chains of the lipids. Our findings 
reported in Chapter 5 might be helpful in the development of diagnosis and treatment 










































Dissertation submitted to the Faculty of the Graduate School of the  
University of Maryland, College Park, in partial fulfillment 
of the requirements for the degree of 













Associate Professor Siddhartha Das, Chair 
Associate Professor Amir Riaz 
Professor Doron Levy 
Professor Peter W. Chung 
Dr. Kumaran Ramamurthi 
































This work was funded by the University-of-Maryland-National-Cancer-Institute 
Partnership for Integrative Cancer Research (H.J., K.S.R., and S.D.) and the 
Intramural Research Program of the National Institutes of Health, National Cancer 
Institute, Center for Cancer Research (K.S.R.). We also acknowledge the fact that the 
simulations reported in this study utilized the computational resources of the NIH 





Table of Contents 
 
 
Acknowledgements ...................................................................................................... ii 
Table of Contents ........................................................................................................ iii 
List of Abbreviations ..................................................................................................... v 
Chapter 1: Background and Motivation ........................................................................ 1 
1.1. Protein Membrane Curvature Sensing ................................................................ 1 
1.2. Nanoparticle Supported Lipid Bilayer ................................................................ 2 
1.3 Dissertation Structure .......................................................................................... 2 
Bibliography .............................................................................................................. 4 
Chapter 2: Nanovesicles versus Nanoparticle-Supported Lipid Bilayers: Massive 
Differences in Bilayer Structures and in Diffusivities of Lipid Molecule and 
Nanoconfined Water ...................................................................................................... 7 
2.1. Introduction ........................................................................................................ 8 
2.2.  Simulation Set Up ............................................................................................ 10 
2.3. Results .............................................................................................................. 11 
2.3.1. Equilibration Process ................................................................................ 11 
2.3.2. Structure .................................................................................................... 15 
2.3.4. Properties of the Confined Water: ............................................................ 20 
2.4. Conclusions ...................................................................................................... 24 
Bibliography ............................................................................................................ 26 
Chapter 3: Formation and Properties of Self-Assembled Nanoparticle Supported 
Lipid Bilayer Probed Through Molecular Dynamics Simulations .............................. 32 
3.1. Introduction ...................................................................................................... 33 
3.3. Results .............................................................................................................. 43 
3.4. Conclusion ........................................................................................................ 57 
Bibliography ............................................................................................................ 58 
Chapter 4: Lipid Flip-Flop and Desorption from Supported Lipid Bilayers is 
Independent of Curvature ............................................................................................ 66 
4.1. Introduction ...................................................................................................... 67 
4.2 Simulation Set Up .............................................................................................. 69 
4.2.1. Self-Assembly of PSSLBL and NPSLBL .................................................... 69 
4.2.2. Potential of Mean force Calculation ......................................................... 76 
4.3. Results .............................................................................................................. 79 
4.4. Conclusion ........................................................................................................ 87 
Bibliography ............................................................................................................ 88 
Chapter 5: Physical Basis for Membrane Curvature Sensing Revealed by Molecular 
Dynamics Simulation .............................................................................................. 96 
5.1. Introduction ...................................................................................................... 97 
5.2 Simulation Set Up .............................................................................................. 99 
5.2.1. SpoVM absorbed to the PSSLBL .................................................................. 99 
5.2.2. SpoVM absorbed to the NPSLBL ............................................................ 102 
5.3 Free Energy Calculation .................................................................................. 105 




5.5 Conclusion ....................................................................................................... 113 
Bibliography .......................................................................................................... 115 








List of Abbreviations 
 
Lipid BiLayer (LBL) 
Nanoparticle Supported Lipid BiLayer (NPSLBL) 
Plane Substrate Supported Lipid BiLayer (PSSLBL) 
NanoParticle (NP) 
PhosphoCholine (PC) 
headgroup inversed PhosphoCholine (CP) 
Molecular Dynamics (MD) 
Dissipative Particle Dynamics (DPD) 
Monte Carlo (MC) 




Chapter 1: Background and Motivation 
1.1. Protein Membrane Curvature Sensing 
The proper protein localization is a necessary condition for the protein 
conducting its function. Ploidy, cell shape, and cell migration may all be 
dysfunctional if the protein is mis-located1. Cells exploited geometric cues, self-
assembly, and restricted sites of assembly to facilitate localization of anchor proteins 
which in turn, govern the localization of additional proteins.2 Experiments show some 
amphipathic alpha helix protein can use membrane curvature as a beacon for its 
correct membrane binding site3-5. The specific example we study through this 
proposal is SpoVM. SpoVM is a 26 amino acid-long amphipathic alpha-helical 
protein that uses an affinity/cooperativity-driven mechanism to preferentially embed 
in convex membrane surface of a ~1-micron diameter internal daughter cell formed 
during sporulation in the model bacterium Bacillus subtilis.6,7 Despite the mechanistic 
understanding of how the protein behaves with differently curved membranes, it 
remains unclear what physical features of appropriately curved membranes cause 
SpoVM to sense the subtle membrane curvature.  Three possible mechanisms have 
been advanced to explain this phenomenon: (1) three are more surface defects on very 
highly curved membranes, which can provide a higher number of binding sites for 
certain shape-sensing proteins that shallowly insert into the membrane;8-10 (2) in 
membranes that are curved at the micron scale, membrane curvature affects the 
packing of the acyl chains, which, in turn ,regulate the binding of proteins that are 




membranes with higher curvature may facilitate the folding of certain proteins to 
drive preferential adsorption of that protein into the membrane11  
1.2. Nanoparticle Supported Lipid Bilayer 
The Nanoparticle Supported Lipid Bilayer (NPSLBL), or so called the 
Spherical Supported Vesicle (SSV), refers to a vesicle supported by a spherical 
nanoparticle (NP)12. The spherical NP is surrounded by a single spherical bilayer, 
either in direct connect with the NP if the NP is made of metal oxide13 or separate 
from the surface of the NP by a thin layer of water if the NP is made of silica12. The 
NPSLBL has received tremendous recent interests for a large number of applications 
ranging from target-specific drug and gene delivery14-18 to characterizing molecules 
that respond to the variations in curvatures.8, 19 NPSLBL has better physical and 
chemical stability then lipid vesicles (liposomes) and offers opportunities to tune the 
charge type, charge density20, and most importantly, better control of size, since the 
size of NPSLBL is basically the size of the NP.12 These advantages of the NPSLBL 
make it become the model of  the curved membrane system in the simulations 
employed in the present thesis.  
1.3 Dissertation Structure 
In Chapter 1, we discussed the background and motivation for this dissertation. The 
dissertation is inspired by the increasing usage of NPSLBL as drug delivery carrier 
and newly finding of the protein membrane curvature sensing. In Chapter 2 and 3, we 
carried out MD simulation to reveal the properties of pre-assembled and self-




as lipid diffusivity and the exist of thin a water layer between the NP and the LBL, 
but also revealed properties beyond the capacity of experiments, including lipid 
distribution and confined water diffusivity. In Chapter 4, the energetics of lipid flip 
flop in both NPSLBL and Planar Supported Lipid Bilayer (PSSLBL) are studies by 
MD simulation. We find out that curvature plays an insignificant role in the 
energetics of lipid flip flop, which is confirmed by experiments as well. In Chapter 5, 
The energetics of SpoVM binding to NPSLBL and PSSLBL are simulated by MD. 
We firstly confirmed that SpoVM prefers to NPSLBL than PSSLBL as the free 
energy changes associated with SpoVM binding to NPSLBL is lower than PSSLBL. 
Then we conclude that the SpoVM’s preference to NPSLBL than PSSLBL is due the 
the higher hydrophobic density of the NPSLBL. Finally, in Chapter 6, we proposed 
how this topic can be advanced, including developing new polarizable force field to 
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Chapter 2: Nanovesicles versus Nanoparticle-Supported 
Lipid Bilayers: Massive Differences in Bilayer Structures 
and in Diffusivities of Lipid Molecule and Nanoconfined 
Water* 
Abstract: In this chapter, we conduct molecular dynamics (MD) simulations to 
compare the architecture and properties of preformed nanoparticle-supported lipid 
bilayers (NPSLBLs) with the free vesicles of similar dimensions. Three key 
differences emerge. First, we witness that for a free vesicle, a much larger number of 
lipid molecules occupy the outer layer as compared to the inner layer; on the other 
hand, for the NPSLBL the number of lipid molecules occupying the inner and outer 
layers is identical. Second, we witness that the diffusivities of the lipid molecules 
occupying both the inner and the outer layers of the free vesicles are identical, 
whereas for the NPSLBLs the diffusivity of the lipid molecules in the outer layer is 
more than twice the diffusivity of the lipid molecules in the inner layer. Finally, the 
NPSLBLs entrap nanoscopic thin water film between the inner lipid layer and the NP 
and the diffusivity of this water film is nearly 1 order of magnitude smaller than the 
diffusivity of the bulk water; on the other hand, the water inside the free vesicles has 
a diffusivity that is only slightly lower than that of the bulk water. Our findings, 
 
* The contents of this Chapter have been published as the following journal article: Jing, H.; Wang, Y.; 
Desai, P. R.; Ramamurthi, K. S.; Das, S. “Nanovesicles Versus Nanoparticle- Supported Lipid 
Bilayers: Massive differencesin Bilayer Structures and in Diffusivities of Lipid Molecules and 






possibly the first probing the atomistic details of the NPSLBLs, are anticipated to 
shed light on the properties of this important nanomaterial with applications in a 
large number of disciplines ranging from drug and gene delivery to characterizing 
curvature sensitive molecules. 
2.1. Introduction 
Nanoparticle-supported lipid bilayer (NPSLBL) systems have emerged as 
remarkable nanomaterials widely employed for applications like targeted drug and 
gene delivery,1-9 multi-modal diagnostics,10 characterization of the curvature-sensitive 
molecules,11 treatment of hydrophobic contaminants in soil,12 and many more. The 
most prominent version of such NPSLBL system used for drug and gene delivery is 
the protocell,1-8 which consists of LBL supported by a mesoporous NP. The presence 
of the LBL ensures a camouflaging nature of the NPSLBL that allows evading the 
immune response of the body, while the mesoporous silica particle affords advantages 
such as the ability to carry multiple cargos and cargos of various chemical 
compositions, larger circulation time, and an enhanced stability of the cargos being 
carried. While there has been some research in experimentally characterizing the 
properties and behaviors of such protocells and NPSLBLs,13-15 very little 
investigation has been conducted to probe the detailed nanoscopic configurations and 
properties of these NPSLBLs by using Molecular Dynamics (MD) simulations. This 
is specially surprising given the significant amount of MD simulation studies of 
related systems such as NPs interacting with LBLs,16-20 LBLs supported on planar 





In this chapter, we employ MD simulations to study for the first time the 
properties of NPSLBLs with the LBL being composed of the POPC 
(phosphatidylcholine) lipid molecules. We compare our findings with the properties 
of a similar-sized free nanovesicle composed of the POPC lipid molecules and 
discover three startling differences. First, we witness that for the free vesicle the 
number of lipid molecules occupying the outer layer is larger than that occupying the 
inner layer, while for the NPSLBL the number of lipid molecules are identical in both 
the inner and the outer layers. Second, we identify identical diffusivities of the lipid 
molecules occupying the inner and outer layers in the free vesicle, while in the 
NPSLBL the diffusivity of the lipid molecules in the inner layer is less than half of 
the lipid molecules in the outer layer. We associate both these findings to the 
presence of the NP core in the NPSLBL that alters the pressure and the mobility 
environments of the inner layers of the NPSLBL. The third important observation 
concerns the confined water. For the free vesicle, the confined water is the water 
confined in the cavity formed by the LBL. On the other hand, for the NPSLBL, the 
confined water is a few-layer water molecules occupying the space between the inner 
layer of the lipid molecules and the NP core. We witness that while the confined 
water has a density identical to the bulk density in the free vesicle, for the NPSLBL 
the confined water has a distinctly reduced density as compared to the bulk water. 
Secondly and more importantly, the confined water in the NPSLBL shows a 
diffusivity value that is more than one order of magnitude smaller than that of the 
bulk water; on the other hand, for the free vesicle the confined water has a diffusivity 




hitherto unknown nanoscopic information concerning the structure and diffusivity of 
the LBLs as well as the property of the confined water will be essential for a better 
design of the NPSLBL system for applications in targeted drug delivery and 
molecular sensing.   
 
2.2.  Simulation Set Up 
A free vesicle of r0 = 8nm (see Fig. 2.2a) was produced by packmol.34 In the 
initial configuration, we started with 1639 POPC lipid molecules occupying both the 
inner leaflet/layer (shown in red in Fig. 2.2b) and the outer leaflet/layer (shown in 
green in Fig. 1b) of the vesicle. The POPC molecules were represented by the Coarse-
Grained (CG) Martini model,35 as shown in Fig. 2.1a. The vesicle was placed in a 
cubic box (28.8nm×28.8nm×28.8nm) filled with coarse-grained (CG) water beads.35 
One CG water bead represents four actual water molecules.35 There were 12490 water 
beads (shown in pink in Fig. 2.2b) in the space outside the vesicle but inside the water 
box, while 42027 water beads (shown in blue in Fig. 1b) inside the vesicle. In 
addition, Anti-Freeze (AF) water beads were introduced (1/9th of the total number of 
normal water molecules) into the system to prevent ice formation.36 The size of the 
initial configuration is inspired by the size of the smallest stable vesicles as revealed 
by the experiments.4 
For the NPSLBL, the initial configuration was produced by replacing the 
water molecules present inside the vesicle in the free vesicle system (shown in blue in 
Fig. 2.2b) by a hydrophilic shell constructed with the Nda beads (shown in Fig. 




addition, as suggested by Charitat et al.,38 we added two layers of CG water beads 
(shown in blue in Fig. 2.2c) along with 10% (number density) of AF water beads 
between the shell and the vesicle. 
Simulations were conducted by using the NAMD software package39 with 
Martini force field.35 Periodic boundary conditions were applied in three directions in 
presence of the NPT thermostat. The simulations were carried out at a constant 
pressure of 1 bar and a constant temperature of 310 K. Finally, for the simulations we 
used a timestep of 40 fs; we first carried out a minimization involving 20000 steps, 
followed by an equilibration that lasted for 1000 ns.  
 
2.3. Results 
2.3.1. Equilibration Process 
Here we first describe the equilibration procedure for the free vesicle starting 
from the initial configuration as described in section 2.2. First, a hole is formed on the 
surface of the vesicle during equilibration (see Fig. 2.3a). In a previous MD 
simulation study, similar spontaneous hole formation during the equilibration of free 
vesicles has been reported.30 Formation of this hole meant that water from inside the 
vesicle flowed out towards the bulk. In addition, the path towards equilibration is 
characterized by several lipid molecules undergoing flip-flop events. “Flipping” 
refers to the movement of the lipids from the outer to the inner leaflet, while the 




During this equilibration, the number of the “flopping” incidents are much more than 


















   
(a)      (b) 
             
      
(c)      (d) 
  
Figure 2. 1: Model of POPC and NP 
(a) Martini model of the POPC lipid molecule, where the lipid molecule is 
represented by 13 large spheres (beads). Each of the beads is so labelled that their 
names are identified on the upper row and their types are identified on the bottom 
row (for example, the name of the “golden” color bead is “PO4” and its type is 
“QaL”). (b) Snapshot of the NP. (c) Snapshot of half of the NP. (d) Zoom in view of 







(a)    (b)   (c) 
 
Figure 2. 2: Structure of Free Vesicle and NPSLBL 
(a) Schematic of the free vesicle vesicle and the NPSBL having an inner radius r and 
an outer radius R. For the free vesicle, the space within the bilayer is filled with 
water, while that for the NPSBL is filled by a hydrophilic particle and a thin (few) 
layer of water molecules. (b) The initial configuration of free vesicle (only 1/4th of the 
vesicle has been displayed); Blue: water surrounded by the bilayer; red: lipids of the 
inner leaflet/layer; green: lipids of outer leaflet/layer; pink: water box. (c) The initial 
configuration of NPSBL (only 1/4th of the NPSLBL has been displayed); red: lipids of 
inner leaflet/layer; green: lipids of outer leaflet; pink: water box; yellow: hydrophilic 
nanoparticle shell; blue: confined water. 
 
We identify that most of these “flopping” incidents occur around this hole (compare 
Figs. 2.3(a) and 2.3(b)) and these “flopping” and “flipping” events continue to occur 
even when the free vesicle has attained equilibrium (i.e., we are looking into a 
dynamic equilibrium with the continuously occurring flipping and flopping incidents, 
as has been well established experimentally40). 
Unlike the free vesicles, during the equilibration process, the molecular architecture 




“flipping” and “flopping” incidents occurring much less frequently [compare Figs. 
2.4 (a) and 2.4 (b)].  
2.3.2. Structure 
Here we compare the equilibrium structure of the free vesicle and the NPSBL. 
For the free vesicle, the outer radius is R0=11.43 nm, while the inner radius is r0=7.34 
nm. The R0 and r0 values were defined as the average distance between the center of 
the vesicle and the respective PO4 beads associated with the inner and the outer 
layers. More importantly, for the equilibrated free vesicle, we witness a large 
difference in the number of lipid molecules occupying the inner and the outer layers: 
1302±2 lipid molecules occupy the inner layer, while a much large number (1976±2) 
of lipid molecules occupy the outer layer. Therefore, for the free vesicle, one can 
ascribe a surface area of 52Å2 per lipid in the inner layer and a surface area of 83 Å2 
per lipid in the outer layer. These numbers are very close to previously reported 
values.41 
For the NPSLBL, the outer radius is R0=11.52 nm, while the inner radius is 
r0=7.65 nm. Therefore, the size of the NPSLBL is very much similar to that of the 
free lipid vesicle. However, unlike the free vesicle, the number of the lipid molecules 
occupying the inner and outer layers is identical: there are 1639±2 lipids molecules 
occupying both the inner and the outer layers. This is the first important difference in 
the structure of the NPSLBL as compared to the free vesicle. For the NPSLBL, 
therefore, one can ascribe a surface area of 45 Å2 per lipid in the inner layer and a 
surface area of 102 Å2 per lipid in the outer layer. Mhashal and Roy25 established that 




surface area of 76 Å2 per lipid, which appears to be approximately the mean of the 
per lipid surface area values at the inner and outer layers for the NPSLBL.   
Fig. 2.5 illustrates this variation in the number distribution of the lipid 
molecules (in the inner and outer layers) between the free vesicle and the NPSLBL. 
For the free vesicle, the significantly large Laplace pressure of the water confined 
inside the vesicle exerts a large outward force on the lipid molecules occupying the 
inner layer enforcing them to move out to the outer layer. This effect, which is 
evident from the significantly large number of the flipping events that occur during 
the equilibration process of the free vesicles, is responsible for ensuring this large 
difference in the number of lipid molecules between the outer and inner layers in the 
free vesicle. On the other hand, for the NPSLBL there is only a very thin layer of 
water entrapped between the inner layer of the lipid molecules and the hydrophilic 
NP core. This layer of water is unable to exert such a large pressure on the inner layer 
of lipid molecules. Accordingly, we witness a much less difference between the initial 
and the final configurations of the NPSLBL and the flipping events are also much 
less; eventually, this ensures that the number of lipid molecules in the inner and outer 









(a)    (b)    (c) 
 
Figure 2. 3: Evolution of free vesicle 
(a) the initial configuration, (b) the hole formed on the vesicle surface, and (c) the 
equilibrated configuration. Green: lipids occupying the outer leaflet at the initial 
condition; Red: lipids occupying the inner leaflet at the initial condition. Water has 
been hidden for a clearer view. 
 
 
(a)      (b) 
Figure 2. 4: Evolution of the NPSBL 
(a) the initial configuration; (b) the equilibrated configuration of molecules shown in 
(a). In both (a) and (b), only 1/4th of the NPSLBL has been displayed and water has 
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Figure 2. 5: POPC distribution 




(a)     (b) 
Figure 2. 6: MSD for POPC 
MSD for the lipid molecules occupying the inner and outer layers in (a) a free vesicle 
and (b) a NPSLBL. In both (a) and (b), we demonstrate the manner in which we 
identify the slope in the linear region of the MSD-vs-time variation and accordingly 
quantify the diffusivity [see eq. (2.1)]. The diffusivity D2 of the lipid molecules in the 






2.3.3. Diffusivity of the Lipid Molecules 
Diffusivities of the lipid molecules occupying the inner and the outer layers in 
both the systems (free vesicles and the NPSLBLs) were calculated following the 






where <MSD> is mean squared displacement, t is the time and d is the number of 
dimensions. For the lipid molecules occupying the inner and outer layers in both the 
free vesicle and the NPSLBL, d=2 and 𝐷%  represents lateral diffusivity. The 
diffusivity 𝐷!  is calculated as 1/(2d) of the slope of linear region of MSD-vs-time 
plot,25,26 as illustrated in Fig. 2.6. The computed diffusivity values of the lipid 
molecules of different layers for the different systems are provided in Table 1. Like 
the number of lipid molecules occupying different layers, here too we witness a large 
difference between the two systems (free vesicle and the NPSLBL). For the free 
vesicle, the diffusivity values for the lipid molecules occupying both the inner and the 
outer layers are identical (D2, inner= D2, outer=2.27×10−7 cm2/s). On the other hand, for 
the NPSLBL, the diffusivity value for the lipid molecules occupying the outer layer 
(D2,outer=2.37×10−7 cm2/s) is more than double than that of the lipid molecules 
occupying the inner layer (D2,inner=1.05×10−7 cm2/s). The physical barrier imposed by 
the presence of the hydrophilic NP core restricts the movement of the lipid molecules 
located on the inner layer of the NPSLBL and thus enforces this significantly reduced 
diffusivity value of the lipid molecules occupying the inner layer of the NPSLBL. On 
the other hand, for the free vesicle, the lipid molecules occupying both the inner and 




outer. This is the second important difference in the properties of the NPSLBL as 
compared to the free vesicle as unraveled by our MD simulations.  
2.3.4. Properties of the Confined Water: 
Both the free vesicle and the NPSLBL confine water but to completely 
different extents. The free vesicle, for example, confines the water within the hollow 
space created by the LBL. On the other hand, the NPSLBL confines the water in a 
very thin layer between the inner lipid layer and the NP core. This is evident from the 
radial variation of the density of the water molecules for both the free vesicle and the 
NPSLBL (see Fig. 2.7).  
A better assessment of the degree of the confinement can be obtained by 
probing the variation in the diffusivity of the confined and the bulk water. For the 
diffusivity calculation, we employ eq. (1) again; however, here the number of 
dimensions for the water molecules is d=3 and hence Dd=D3 represents self-
diffusivity. Similar to Fig. 2.6, the diffusivity values are obtained by obtaining the 
slope in the linear region of the MSD-vs-time curve, as shown in Fig. 2.8. The 
diffusivity of the bulk water is 2.58×10−5 cm2/s for the free vesicle and 2.52×10−5 
cm2/s for the NPSLBL (the numbers are also provided in Table 2.1). So, our numbers 
are very close to the experimentally reported bulk water diffusivity of 2.0×10−5 cm2/s 








(a)     (b) 
 
Figure 2. 7: Water Molecules Distribution 




(a)     (b) 
 
Figure 2. 8: MSD for water 
MSD for the water molecules (in the bulk and confined state) in (a) a free vesicle and 
(b) a NPSLBL. In both (a) and (b), we demonstrate the manner in which we identify 
the slope in the linear region of the MSD-vs-time variation and accordingly quantify 







On the other hand, there is a large difference in the diffusivity values between the 
confined water molecules in the free vesicle and the NPSLBL. The diffusivity of the 
confined water for the free vesicle is 8.36×10−6 cm2/s (see Fig. 2.8 and Table 2.1), 
which is 1/3rd of the bulk water. The result agrees well with that reported in previous 
studies.26 On the other hand, for the confined thin water layer between the inner lipid 
layer and the NP for the NPSLBL, we witness a diffusivity value (1.95×10−6 cm2/s) 
that is more than one order of magnitude smaller than that of the bulk value (see Fig. 
2.8 and Table 2.1). The diffusivity of the water molecules in the water layer 
entrapped between the inner lipid layer and the solid support for the LBL supported 
by a planar substrate is found to be 1/3rd of the bulk water.26 Therefore, this large 
lowering (suggesting a possible ordering of the water molecules) in the diffusivity of 
the confined water is unique to the spherically-supported or the NP-supported LBL. 
This vast difference in the diffusivity values between the confined water in NPSLBL 







Table 2. 1: Summary of the Conditions at Different States and Equilibrium 
Properties of the Free Vesicle and the NPSLBL 
Conditions/ 
Properties 
Free Vesicle NPSLBL 
Initial 
configuration 
• 1639 POPC in the 
inner layer 
• 1639 POPC in the 
outer layer 
• r0 = 80 Å (inner 
radius) 
• R0 = 118 Å (outer 
radius) 
• 1639 POPC in the inner 
layer 
• 1639 POPC in the outer 
layer 
• r0 = 80 Å (inner radius) 
• R0 = 118 Å (outer radius) 
Equilibrated 
configuration 
• 1302 POPC in the 
inner layer 
• 1976 POPC in the 
outer layer 
• r0 = 73.4 Å (inner 
radius) 
• R0 = 114.3 Å (outer 
radius) 
• 1641 POPC in the inner 
layer 
• 1637 POPC in the outer 
layer 
• r0 = 76.5 Å (inner radius) 




• D2,inner = 2.27×10−7 
cm2/s 
• D2,outer = 2.27×10−7 
• D2,inner = 1.05×10−7 cm2/s 









(D3) of Water 
• D3,bulk = 2.58×10−5 
cm2/s 
• D3,confined = 
8.36×10−6 cm2/s 
(confined water for the 
free vesicle is the 
water confined in the 
cavity formed by the 
LBL) 
• D3,bulk = 2.52×10−5 cm2/s 
• D3,confined = 1.95×10−6 cm2/s 
(confined water for the NPSLBL is 
the water confined between the NP 





MD simulations have been employed to provide for the first time to study a very 
important emerging nanomaterial, namely NPSLBL. In the process, we provide 
simulation-based evidence of the large differences in the between the NPSLBL and a 
similar-sized free vesicle. These differences manifest as (a) identical number of lipid 
molecules in the inner and outer leaflet for the NPSLBL, while a distinctly larger 
number of lipid molecules in the outer layer as compared to that in the inner layer for 
the free vesicle, (b) identical diffusivities of the lipid molecules in the inner and outer 




is more than double of that in the inner layer for the NPSLBL, and (c) the 
nanoconfined water molecules for the NPSLBL has diffusivity that is more than one 
order of magnitude smaller than bulk water diffusivity, while for the free vesicle this 
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Chapter 3: Formation and Properties of Self-Assembled 
Nanoparticle Supported Lipid Bilayer Probed Through 
Molecular Dynamics Simulations* 
Abstract: In this chapter, we have carried out coarse-grained molecular dynamics 
(MD) simulations to study the self-assembly procedure of a system of randomly 
placed lipid molecules, water beads, and a nanoparticle (NP). The self-assembly 
results in the formation of the nanoparticle-supported lipid bilayer (NPSLBL), with 
the self-assembly mechanism being driven by events such as the formation of small 
lipid clusters, merging of the lipid clusters in the vicinity of the NP to form NP-
embedded vesicle with a pore, and collapsing of that pore to eventually form the 
equilibrated NPSLBL system overcoming a large free energy barrier. Subsequently, 
we quantify the properties and the configurations of this NPSLBL system. We reveal 
that unlike our proposition of equal number of lipid molecules occupying the inner 
and outer leaflets in a recent report studying the properties of preassembled lipid 
bilayer, the equilibrated self-assembled NPSLBL system demonstrates a much larger 
number of lipid molecules occupying the outer leaflet as compared to the inner 
leaflet. Secondly, the thickness of the water layer entrapped between the NP and the 
inner leaflet shows similar values as that predicted by experiments and our previous 
study. Finally, we reveal that, similar to our previous study, the diffusivity of the lipid 
molecules in the outer leaflet is larger than that in the inner leaflet but, due to higher 
 
*The contents of this Chapter have been published as the following journal article: Jing, H.; Wang, Y.; 
Desai, P. R.; Ramamurthi, K. S.; Das, S. “Formation and Properties of Self-Assembled Nanoparticle-





temperature employed during our simulations, are even larger than that predicted by 
our previous study.  
3.1. Introduction 
The self-assembly of lipid molecules to form planar bilayers, or vesicles, or 
other heterogeneous structures (with entities such as proteins, DNA, carbon 
nanotubes, etc.) has been extensively probed using Molecular Dynamics (MD) and 
Monte Carlo (MC) simulations.1-25 These studies have revealed critical information 
on issues such as (1) the conditions that decide if the self-assembly process will lead 
to the formation of a planar bilayer, or a closed vesicle, or a micelle;3,9 (2) the 
structural and the packing orders in the lipid molecules during the process of self-
assembly;3,5,12 (3) the effect of temperature on the phase change and the structural 
order;3 (4) the equilibrium protein position and configuration within a bilayer;14 (5) 
the effect of polyethylene glycol (PEG) on the self-assembled structure;17 (6) the 
structure of the carbon-nanotube-impregnated self-assembled bilayers;18,20 (7) the 
formation and the structure of DNA-lipid complexes;19 (8) the micelle formation by 
the lipid molecules around characteristic membrane proteins;15 (9) the properties and 
structures of mixed bilayers;21,25 (10) the lateral tension, elasticity, and mobility of the 
self-assembled membranes;1,3 (11) the trans-membrane electrostatic potential for 
charged lipids;10  (12) the conditions that lead to the rupture of the bilayer and enable 
the formation of worm-like micelle;24 (13) the formation of lipid corona on a 
nanoparticle;26 etc. 
In this chapter, we employ MD simulations to study the self-assembly in a 




3-phosphocholine) lipid molecules. The system eventually evolves to form a self-
assembled nanoparticle-supported lipid bilayer (NPSLBL). The NPSLBL is a 
nanomaterial that has received tremendous recent interests for a large number of 
applications ranging from target-specific drug and gene delivery27-31 to characterizing 
molecules that respond to the variations in curvatures.32-34 Over the years,, extensive 
experiments have been carried out to study the formation, properties, and applications 
of the NPSLBLs by using different kinds of lipids and different kinds of NPs. 
Pioneering works used the combination of SiO2 NPs and zwitterionic phospholipids.35 
Wittenberg et al. used sub-micron (~700 nm) SiO2 NPs to fabricate such NPSLBLs 
using a mixture of different lipids (including egg phosphatidylcholine, ganglioside 
GM1, and other): these NPSLBLs were employed to form arrays, which in turn were 
used to obtain the equilibrium constant for cholera toxin binding to ganglioside 
GM1.36 Magnetic iron oxide NP based NPSLBLs has received increasing attentions 
as they can be used for bimolecular recognition with a magnetic separation.37,38 In 
addition, the lipids contact with the iron oxide NP directly in such iron oxide NP 
based NPSLBLs, unlike in silica NP based NPSLBLs, where there is a thin layer of 
water between the lipid bilayer and the NP.38 Recent developments include (a) 
fabricating NPSLBLs by combing negatively charged silica with anionic lipids by 
modifying the silica surface by using Avidin39 and (b) fabricating NPSLBLs by 
utilizing the interactions between the TiO2 NPs and zwitterionic inverse 
phosphocholine (CP) instead of normal phosphocholine (PC), and for this case, the 
TiO2 NPs and the lipid phosphate are chemically bonded, and hence the resultant 




the lipids are bonded by van der Waals force.40 In another study, Chung et al. 
demonstrated the formation of NPSLBLs via the interactions of highly charged (zeta 
potential of +60 mV) amine-functionalized 60-nm NPs with the negatively charged 
50% DOPA/50% DOPC vesicles in presence of osmotic shock.41 Liu and co-workers, 
in a very interesting study, classified NPs into three distinct categories depending on 
whether it forms NPSLBLs or simply leads to a configuration where a NP is 
externally adsorbed on the surface of the vesicle.42 For example, they identified as 
type 1 oxide NP as NPs of Fe3O4, TiO2, ZrO2, Y2O3, In2O3, and Mn2O3 that formed 
NPSLBLs by interacting with DOCP (inverse phosphocholine version of DOPC) 
vesicles but led to NP-adsorbed-vesicle configuration with DOPC vesicles. They also 
identified as type 2 oxide NP as NPs of SiO2 that formed NPSLBLs with DOPC 
vesicle but led to NP-adsorbed-vesicle configuration with DOCP vesicles. Finally, 
they identified as type 3 oxide NPs as cationic ZnO and NiO NPs that damaged the 
vesicles by creating pores. In another study, Liu and co-workers showed that gold 
NPs undergo such surface adsorption (on the outer surface) of DOPC liposomes and 
the thickness of the interface between the NP and the DOPC liposome depends on the 
nature of the halide ions (Cl-, Br-, and I-) with which the gold NPs are capped.43 In 
this same study,43 the authors pointed out the manner in which the adsorption of the 
NPs on the vesicle surface led to a local phase transition of the vesicle. In another 
study, Liu and co-workers considered SiO2 NP (it was negatively charged for all 
ranges of studied pH) and TiO2 NP [it was positively (negatively) charged for small 
(large) pH] interacting with neutral liposomes (DOPC and DOCP) and negatively 




liposomes, while the TiO2 NPs formed the NPSLBLs with the negatively charged 
liposomes at all pH (indicating that at larger pH, where the TiO2 NPs are negatively 
charged, forces other than the electrostatic interactions dictate the formation of the 
NPSLBL) and with neutral liposomes at a very small pH. In this study,44 the authors 
associated the formation of the NPSLBLs with the adsorption and the subsequent 
fusion of the NPs with the liposomes, which in turn implied the “leaking” of the 
liposomes releasing its original cargo (calcein for this study). Such leakage of 
liposomes thereby releasing their cargo due to the formation of NPSLBLs was also 
studied in another paper by the same group.45 Liu and co-workers also demonstrated 
the effect of particle hydrophobicity on the structure of the lipid layers: they showed 
that a hydrophilic NP (e.g., SiO2) forms a NPSLBL with the hydrophilic head of the 
lipid molecules of the inner layer (leaflet) facing the NP, while a hydrophobic NP 
(PLGA NP) forms only a supported monolayer (i.e., we get nanoparticle-supported 
lipid monolayer) with the hydrophobic tail of the lipid molecule facing the NP.46 
Finally, Liu has provided a detailed picture of the problem of NPs interacting with 
liposomes and vesicles, thereby forming NPSLBLs as well as other non-supported 
bilayer configurations in a recent review article.47  
In a recent study,48 we had employed MD simulations to probe the 
configuration and properties of a pre-assembled NPSLBL. Previous MD simulation 
studies had probed the conditions that lead to the clustering of multiple lipid-
encapsulated NPs trapped inside lipid bilayers.49 In another study, Chong et al. 
employed DPD (Dissipative Particle Dynamics) simulations to show that the insertion 




promoted by defects in the SAM structure: of course, such insertion did not lead to 
the formation of the NPSLBLs.50 On the other hand, Stelter and Keyes used hybrid 
MD/MC approach to study the number of lipids in the inner and the outer leaflets of a 
NPSLBL as a function of nanoparticle size.51 However both our previous paper (Ref. 
48) and this paper (Ref. 51) considered a preformed NPSLBL rather than considering 
the NPSLBL to be formed by a self-assembly process. Furthermore, Ref. 51 used a 
three-bead coarse-grained model for describing the lipids: such a representation might 
not be a rigorous enough description of the lipids [for example, in both the present 
and previous study (Ref. 48), we considered a 13-bead Martini coarse-grained model 
(discussed later) for describing the lipids]. Olenick et al. also considered the 
interactions between a NP and lipid molecules by employing experiments and MD 
simulations; however, their study did not consider a closed NPSLBL system (by such 
a “closed” system, we refer to a structure where a lipid bilayer completely 
encapsulates the NP) and considered a system that had fragments of lipid bilayers 
supported on a NP.26 In this light, the present study is the one of the early attempts to 
quantify the properties and distribution of the lipid molecules in the leaflets of a 
closed NPSLBL obtained from self-assembly.  
In the present study, we significantly improve the inferences of our previous 
report48 by (a) quantifying the process of the self-assembly that leads to the formation 
of the NPSLBL, (b) quantifying the configuration and the properties of the self-
assembled NPSLBL and not the pre-formed NPSLBL, and (c) quantifying the 
influence of the type of NP on the configuration and the properties of the self-




self-assembly procedure: first, the randomly placed lipid molecules form small 
clusters, followed by the merging of these clusters in the vicinity of the NP to form 
NP-embedded vesicle. Such cluster merging or the nanostructure-embedded (when 
the nanostructure is a nanotube and not a NP) vesicle formation has been reported in 
previous studies on lipid bilayer self-assembly.3,18 Once the equilibrated self-
assembled NPSLBL structure has been achieved, the properties and the 
configurations of the NPSLBL are quantified by pinpointing (a) the number 
distribution of the lipid molecules in the inner and the outer leaflet, (b) the number 
distribution of the water molecules entrapped between the NP and the inner leaflet, 
and (c) the diffusivity of the lipid molecules occupying the inner and outer leaflets 
and the bulk diffusivity of the entrapped water molecules. For the self-assembled 
NPSLBL system, the number of lipid molecules occupying the outer leaflet is found 
to be significantly larger than the number of lipid molecules occupying the inner 
leaflet. This is in stark contrast to what has been proposed for the preformed NPSLBL 
system (where we previously assumed identical number of lipid molecules occupying 
the inner and outer leaflets).48 The number of the entrapped water molecules and the 
thickness of this entrapped water layer is close to what has been predicted 
experimentally and by our previous study on preassembled NPSLBL system.48 
Thirdly, our simulations establish that the diffusivities of the lipid molecules 
occupying both the inner and the outer leaflets are larger than those obtained in our 
previous study on pre-assembled NPSLBL system,48 although in both the present and 
the previous study,48 we witness that the diffusivity of the lipid molecules occupying 




we quantify the bulk diffusivity of the entrapped water and find it to be slightly larger 
than that obtained in our previous study on preformed NPSLBL system.48 Finally, we 
establish the influence of the nature of the NP of the NPSLBL on dictating the overall 
properties of the NPSLBL. Overall, we propose that this study provides a more 
realistic computational estimate of the properties of the NPSLBL by studying the self-
assembled NPSLBL equilibrated from an initially random system, instead of 
considering a preformed NPSLBL system.48  
 
3.2. Simulation Set Up 
The simulations were conducted with the POPC lipid molecules, a NP, and 
water molecules. The POPC molecule, which was represented by the Martini model,52 
is shown in Fig. 3.1(a).  The NP consisted of Nda beads,52 which were randomly 
distributed in a spherical shell space of outer radius 7 nm and inner radius 5.5 nm, as 
shown in figure 3.1(b) and 3.1(c). The density of the Nda beads was 44 per nm3 so as 
to ensure that the water cannot penetrate the NP. We choose the Nda beads since this 
bead is hydrophilic and can serves as hydrogen donator and acceptor in the Martini 
model. In addition, this bead is not used in the POPC molecule. The positions of the 
Nda beads of the NP are kept fixed during the simulation. This system consisting of 
the POPC lipids and a NP composed of Nda beads is referred to as system A. 
The simulations are started from the initial structure shown in Figure 3.2(a). The 
initial configuration consists of the randomly distributed 3268 POPC molecules and 
water molecules around a NP (comprising of the Nda beads) in a cubic box of 




water box consisted of 129163 Martini water beads and 14351 anti-freeze water 
beads.52 The purpose of adding such anti-freeze water beads has been discussed in our 
previous paper.48 Simulations were conducted by using the NAMD software 
package54 with the Martini force field.52 Periodic boundary conditions were employed 
by applying the NPT thermostat. The pressure was set to 1 bar and simulations were 
conducted with a 40fs time step. A total of four trajectories were run. The data were 
acquired every 50000 steps. 50 frames per trajectory were averaged over to obtain the 
results.  
We also consider another combination of lipid molecule and NP system: the lipid 
molecules are still POPC, while the NP is composed of P5 beads, which are more 
hydrophilic than the Nda beads.52 The positions of the P5 beads of the NP are kept 
fixed during the simulation. This system consisting of the POPC lipids and a NP 
composed of P5 beads is referred to as system B. The same simulation setting, and 
processes employed for system A were employed for system B as well.  
The interactions between Nda and water as well as P5 with water are both modelled 
using the Lennard-Jones (LJ) potential (ULJ) and the corresponding parameters are 
shown in table 3.1.52  
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Table 3. 1: Parameters for the Water-P5 and Water-Nda Lennard-Jones (LJ) 
interactions. 
 Water-P5 Water-Nda 
𝜀 -1.33843000 -0.95602300 







   
(a)       (b) 
             
      
(c)       (d) 
  
Figure 3. 1: Model of POPC and NP 
 (a) Martini model of the POPC lipid molecule, where the lipid molecule is 
represented by 13 large spheres (beads). Each of the beads is so labelled that their 
names are identified on the upper row and their types are identified on the bottom 
row (for example, the name of the “golden” color bead is “PO4” and its type is 
“QaL”). (b) Snapshot of the NP. (c) Snapshot of half of the NP. (d) Zoomed view of 






Figs. 3.2(a)-3.2(g) and Figs. 3.3(a)-3.3(g) show the MD simulation snapshots 
depicting the time evolution of the systems A and B, respectively. Both set of 
simulations confirm the self-assembly-driven formation of the NPSLBL. In all the 
subfigures, only 1/10th of the total number of water molecules has been displayed to 
ensure a clearer view. In both the systems A and B, initially, the lipid molecules 
aggregate to form multiple small clusters [see Figs. 3.2(b, c) and Fig. 3.3(b, c)]. 
Subsequently, these clusters localize and merge near the surface of the NP and form a 
vesicle encapsulating the NP [see Fig. 3.2(d) and Fig. 3.3(d)]. Previous MD 
simulation studies on the self-assembly-driven formation of the planar lipid bilayers 
had reported the formation of such small clusters, which over time merge to form 
bigger cluster, eventually leading to the formation of the bilayers.3 Here the critical 
difference is that this merging of the clusters occur in the vicinity of the NP. 
However, such nanostructure-supported vesicle formation (here the nanostructure is 
this NP) has been reported in previous simulation studies where the lipid molecule 
self-assemble around nanotubes to form lipid-nanotube vesicle.18 Such aggregation of 
the lipid molecules around the nanostructure is possibly due to the corresponding 
lowering of the exposure of the lipid hydrophobic tails to the surrounding water. In 
the present study, NP-supported vesicle contains a large pore [see Fig. 3.2(e) and Fig. 
3.3(e)]; furthermore, there are few small clusters that have not merged and are away 
from the vesicle [see Fig. 3.2(e) and Fig. 3.3(e)]. This entire structure (NP-supported 
vesicle with a large pore and some sparsely distributed clusters away from the 




accelerate the simulation, therefore, we increased the temperature from 310K to 340K 
in one step [starting from the MD simulation step represented in Fig. 3.2(f) and Fig. 
3.3(f), i.e., MD simulation step corresponding to the 2	𝜇𝑠]. As a result, the pore 
gradually closed [see Figs. 3.2(f, g) and Figs. 3.3(f, g)] and the sparsely distributed 
clusters (located away from the vesicle) merged with the vesicle. Eventually, we 
obtained a perfect pore-free NP-supported vesicle, which is equivalent to the 
NPSLBL (henceforth, referred to as the NPSLBL) [see Fig. 3.2(h) and Fig. 3.3(h)]. 
Finally, we equilibrated these NPSLBL systems by running the simulations further 






(a) 0 ps	          (b) 80 ps 
 
   (c) 2 ns	     (d) 4 ns 
 





   (g)  2.2 𝜇𝑠      (h) 2.3 𝜇𝑠 
 
Figure 3. 2: Snapshot of the simulation of system A 
 (a): initial configuration; (b-h) snapshots quantifying the progress of the simulation. 
Also, the snapshots from (a-e) represent the simulations conducted at 310 K, while 
those from (f-h) represent the simulations conducted at 340 K. In (b) to (h), only 
1/10th water are displayed for a clearer view. Below each snapshot, we provide the 
corresponding simulation step at which the snapshot has been taken. In the different 
subfigures, the following color codes have been used: Black: NP; light Green: 
hydrophobic tails of POPC molecules; bronze: hydrophilic heads of POPC 









   (a) 0 ps	         (b) 80 ps	
 
   (c) 2 ns	     (d) 4 ns 
 





  (g)  2.2 𝜇𝑠       (h) 2.3 𝜇𝑠 
 
 
Figure 3. 3::  Snapshot of the simulation of system B  
(a): initial configuration; (b-h) snapshots quantifying the progress of the simulation. 
Also, the snapshots from (a-e) represent the simulations conducted at 310 K, while 
those from (f-h) represent the simulations conducted at 340 K. In (b) to (h), only 
1/10th water are displayed for a clearer view. Below each snapshot, we provide the 
corresponding simulation step at which the snapshot has been taken. In the different 
subfigures, the following color codes have been used: Green: NP; light Green: 
hydrophobic tails of POPC molecules; bronze: hydrophilic heads of POPC 










After obtaining the equilibrium configuration, we measured the radial 
distribution of the hydrophilic head of the POPC molecules, represented by the PO4 
beads. The result is shown in Figure 3.4 with the horizonal axis providing the distance 
between the beads and the center of the NP. The clustering of the lipid molecules 
occurs at two distinct ranges of the radial distances (namely 7nm ≤ r ≤ 8.5nm and 
10.5nm ≤ r ≤ 12.5nm) confirming that there are two layers (or two leaflets) of lipids. 
We characterize the two leaflets by quantifying the number of lipid molecules present 
in each. We find that there are 1274 PO4 beads present at the location 7nm ≤ r ≤ 
8.5nm and 1994 PO4 beads present at the location 10.5nm ≤ r ≤ 12.5nm for system 
A. In other words, there are 1274 POPC molecules located at the inner leaflet of the 
bilayer, and 1994 POPC molecules located at the outer leaflet of the bilayer for 
system A. If we define the radius of the inner (outer) leaflet as the average distance 
between the PO4 beads of inner (outer) leaflet and the NP center, then the inner 
radius is 7.86 nm and the outer radius is 11.79 nm. Therefore, the average LBL 
thickness is 3.93 nm. Also, from these quantifications we can infer that the surface 
coverage is 0.61 nm2 per lipid for the inner leaflet and 0.88 nm2 per lipid for the outer 
leaflet. 
For system B, there are 1287 PO4 beads at the location 7nm ≤ r ≤ 8.5nm and 1981 
PO4 beads present at the location 10.5nm ≤ r ≤ 12.5nm. As a result, there are 1287 
POPC molecules located at the inner leaflet of the bilayer, and 1981 POPC beads 
located at the outer leaflet of the bilayer, with inner radius being 7.97 nm and the 




the surface coverage is 0.62 nm2 per lipid for the inner leaflet and 0.89 nm2 per lipid 
for the outer leaflet. 
Please note that for both the systems A and B, two mutually countering effects 
dictate the number of lipids in the inner and the outer leaflets. The outer leaflet has a 
larger surface area that allows it to accommodate a larger number of lipid molecules. 
On the other hand, the presence of the supporting NP implies that the lipids in the 
inner leaflet are more compact, which in turn allows the inner leaflet to accommodate 
more lipid per unit area (or equivalenetly, a smaller surface area coverage per lipid). 
The effect of the larger area of the outer leaflet becomes more dominating, leading to 
a net larger number of lipids in the outer leaflet as compared to the inner leaflet.   
It is worthwhile to compare the above findings with those of our previous 
study,48 where we considered a preformed NPSLBL. In that study,48 the preformed 
NPSLBL consisted of 1639 POPC molecules in the inner leaflet and 1639 POPC 
molecules in outer leaflet at 310 K and the NP was composed of Nda beads. In 
comparison, for the present study, these numbers are 1274 POPC molecules in the 
inner leaflet and 1994 POPC molecules in the outer leaflet at 340 K. Therefore, the 
self-assembly MD simulations reveal a critical facet of the LBL structure of the 
NPSLBL that was missing in our previous study:48 the number of lipid molecules in 
the inner and outer leaflet significantly vary from each other. The pre-assembled 
NPSLBL in our previous study showed very little change in the number of lipid 
molecules between inner and outer leaflet when the equilibration run was conducted 
with this pre-assembled state (with equal number of lipid molecules in the inner and 




meta-equilibrated configuration trapped at the local minimum due to the high energy 
barrier of lipid flip-flop. It is also interesting to note that this large difference in the 
number of lipid molecules between the inner and outer leaflet as revealed by the 
present study is much similar to the free nanovesicle (NV) simulated in our previous 
work, where there are 1302 and 1967 POPC molecules in inner and outer leaflets 
respectively.48 This configurational similarity between self-assembled NPSLBL and 
the free NV of the same size, in addition to the easy controllability of the size of the 
NPSLBL, potentially makes the NPSLBL a better choice for studying the membrane 
curvature sensing by curvature-sensitive moleucles.32  
 
 
(a)     (b) 
Figure 3. 4: POPC Distribution 
Radial distribution of the POPC molecules, with the radial distance being 
represented by the distance between the PO4 head group and the center of NP, for (a) 





In Figure 3.5, we show the radial distribution of the coarse-grained (CG) 
water beads and anti-freeze (AF) water beads. The 𝑦 axis is the density of the CG 
water and AF water normalized over the standard density (ρS) of the corresponding 
water (ρS = 33/4´0.9 and ρS = 33/4´0.1 per nm2 for the CG water and the AF water, 
respectively). The result shows that there is a thin layer of water entrapped between 
the NP and the inner lipid leaflet in the self-assembled NPSLBL structure for both the 
systems A and B. This entrapped water layer is a reflection of the large hydrophilicity 
of the Nda beads (for system A) and the P5 beads (system B) that ensures that the NP 
prefers to be in contact with a thin layer of water rather than in direct contact with the 
lipid molecules. It is useful to note that system B shows a larger value of the density 
of the entrapped water as compared to system A. This stems from the fact that P5 
beads (constituting the NP in system B) are more hydrophilic than the Nda beads 
(constituting the NP in system A). For both the systems A and B, the average 
thickness of the confined water is found to be around 1.5nm. This thickness of the 
water layer trapped between the NP and the lipid inner leaflet is comparable to the 
experimental value of 1 to 2 nm (Ref. 55) and confirm the rational of our previous 
simulation design where we had introduced a two-layer thick coarse-grained water 








   (a)      (b) 
Figure 3. 5: Water Molecules Distribution 
Radial distribution of the coarse-grained and anti-freeze water beads with the radial 
distance being represented by the distance between the PO4 head group and the 
center of NP, for (a) System A and (b) System B. 
  




















In Figures 3.6(a) and 3.6(b), we plot the <MSD>-vs-t variation and thereby 
quantify the 3D diffusivity (D3) of the lipid molecules occupying the inner and outer 






.     (3.1) 
Here 〈𝑀𝑆𝐷〉 is the mean square displacement and 𝑡 is the time. 𝐷, is calculated from 
the slope of the linear region of the 〈𝑀𝑆𝐷〉-vs-𝑡 curve. For system A, D3 values for 
the lipid molecules occupying the inner and the outer leaflets are 2.45´10−7 cm2/s and 
3.69´10−7 cm2/s, respectively. For system B, D3 values for the lipid molecules 
occupying the inner and the outer leaflets are 2.67´10−7 cm3/s and 4.19´10−7 cm3/s, 
respectively. These findings confirm that for both the systems A and B, the diffusivity 
of the lipid molecules in the outer leaflet is significantly higher than that of the lipid 
molecules in the inner leaflet. Ref. 12, studying DPPC nanovesicles (i.e., spherical 
LBLs without any encapsulating NP) using MD simulations, has provided very 
similar values (as obtained for systems A and B from our simulations) of the 
diffusivities of the lipid molecules in the inner and outer leaflets clearly 
demonstrating larger diffusivity values for the lipid molecules in the outer leaflet. 
Ref. 56 provides an average experimental diffusivity value for the POPC lipid 
molecules of the POPC LBL system that is partly supported on a NP and partly on a 
planar substrate. Their diffusivity values are nearly one order less than that obtained 
from our MD simulation studies. We ascribe such a difference to the nature and size 
of the NP (both of which are different as compared to the system A of our study) as 
well as the presence of an additional planar support in Ref. 56. In addition, Ref. 57 




NPSLBLs directly and found that the diffusivity of lipids in outer leaflets is two times 
higher than inner leaflets. 
Finally, in Fig. 3.6(c) and 3.6(d), we plot the <MSD>-vs-t variation for the 
confined water molecules entrapped between the NP and the inner leaflet and 
quantify the diffusivity (D3) using eq. (2). For system A, D3=1.98 ´10−6 cm3/s for the 
entrapped water molecules. This diffusivity value is very similar (D3=1.95 ´10-6 
cm3/s) for the entrapped water molecules obtained from our previous MD simulation 
study with preformed NPSLBL.35 On the other hand, for system B, we obtain  
D3=0.94´10−6 cm2/s for the entrapped water molecules; this diffusivity value is less 
than half of that of the system A stemming from the larger hydrophilicity of P5 beads 






    (a)     (b) 
 
(c)     (d) 
Figure 3. 6: MSD for POPC and Water 
(a) <MSD>-vs-time for the POPC lipid molecules occupying inner and outer leaflets 
for the NPSLBL for (a) System A and (b) System B. <MSD>-vs-time for the confined 
water entrapped between the NP and the inner leaflet of the lipid bilayer for (c) 
System A and (d) System B. We employ eq. (3.1) to obtain the corresponding D3 
values from the slope of each of the different <MSD>-vs-time plots. 
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Coarse-grained MD simulations have been employed to study for the first 
time the self-assembly-driven formation of NPSLBL. We discover critical 
mechanisms that drive the self-assembly process including the formation of small 
lipid clusters, merging of these clusters in the vicinity of the NP to form NP-
embedded vesicle with a pore, and the disappearance of that pore overcoming a large 
energy barrier to eventually form the equilibrated NPSLBL. Our results also reveal 
critical information on the properties of the self-assembled NPSLBL, such as the area 
per lipids, the number of lipids, and the diffusivity of the lipids in the inner and outer 
leaflets as well as the thickness and diffusivity of the water molecular layer confined 
between the NP and the inner leaflet. These quantifications eventually enable us to 
revisit the predictions on the properties and configurations of the preformed NPSLBL 
system studied in our previous work48 and establish the present study as the most 
complete computational predictive study on the properties and configurations of the 
NPSLBL till date that can be used for any future simulation-based analyses of 
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Chapter 4: Lipid Flip-Flop and Desorption from Supported 
Lipid Bilayers is Independent of Curvature* 
Abstract: Flip-flop of lipids of the lipid bilayer (LBL) constituting the plasma 
membrane (PM) plays a crucial role in a myriad of events ranging from cellular 
signaling and regulation of cell shapes to cell homeostasis, membrane asymmetry, 
phagocytosis, and cell apoptosis. While extensive research has been conducted to 
probe the lipid flipflop of planar lipid bilayers (LBLs), much less is known regarding 
lipid flip-flop for highly curved, nanoscopic LBL systems despite the vast importance 
of membrane curvature in defining the morphology of cells and organelles and in 
playing key roles in maintaining a variety of cellular functions, enabling trafficking, 
and recruiting and localizing shape-responsive proteins. In this chapter, we conduct 
molecular dynamics (MD) simulations to study the energetics, structure, and 
configuration of a lipid molecule undergoing flip-flop and desorption in a highly 
curved (with a large radius of curvature) LBL, represented as a nanoparticle-
supported lipid bilayer (NPSLBL) system. We compare our findings against those of a 
planar substrate supported lipid bilayers (PSSLBL). Our MD simulation results 
reveal that despite the vast differences in the curvature and other curvature-induced 
properties (e.g., lipid packing fraction, difference in the number of lipids between 
inner and outer leaflets, etc.) between the NPSLBL and the PSSLBL, the energetics of 
lipid flip-flop and lipid desorption as well as the configuration of the lipid molecule 
 
*The contents of this Chapter have been submitted for publication as the following journal article: Jing, 
H.; Wang, Y.; Ramamurthi, K. S.; Das, S. “Lipid Flop-flop and Desorption from Supported Lipid 




undergoing lipid flip-flop are very similar for the NPSLBL and the PSSLBL. In other 
words, our results establish that the curvature of the LBL plays an insignificant role 
in lipid flip-flop and desorption. 
4.1. Introduction 
The trans-bilayer migration of phospholipid molecules in cell membranes 1-3 is 
vital to the functioning of eukaryotic cells4; the migration event impacts, for example, 
cell signaling;5 regulation of shape changes of cells, organelles, and vesicles;6,7 cell 
homeostasis;4 maintenance of membrane asymmetry;8,9 phagocytosis;10 and 
apoptosis.11 When phospholipid migration occurs from the inner or cytoplasmic side 
of the bilayer to the outer or the exoplasmic side of the bilayer, it is denoted as a 
“flop”, whereas it is denoted as “flip” when it occurs in the opposite direction.1-3 
Phospholipid translocations within the lipid bilayer (LBL) and the corresponding 
energy barriers associated with these processes provide vital clues to a myriad of 
events such as protrusion-mediated membrane-membrane and membrane-protein 
interactions,12 clustering of ligands and proteins on the plasma membrane (PM),13,14 
pore formation in the PM,15 localizing and activating enzymes on the PM,16 and 
dictating the activity of lipid anchors17. Such energy barriers are inevitably 
encountered as hydrophilic entities like charged lipid headgroups translocate from 
one leaflet of the bilayer to the other through the hydrophobic membrane core.1-3 
Over the years, there have been extensive experimental efforts for quantifying these 
energetic barriers of trans-bilayer lipid migration, the corresponding kinetics of 
translocation, and the role of the factors like the lipid chain length and head group, 




membrane in flip-flop kinetics.18-34 Similarly, there have been a significant number of 
molecular dynamics (MD) simulation studies providing molecular level insights on 
the energetics of lipid flip flop (often quantified by the potential of mean force values 
obtained as a function of the lipid position within and outside the lipid bilayer or 
LBL), and detailed structural information on lipid molecules during their course of 
the flip flop.35-38  
Interestingly, most of the simulation studies on lipid flip-flops have invariably 
considered a planar LBL and there has been no study for probing the energetics of 
lipid flip-flops on curved LBLs. This is specially surprising given the well-accepted 
roles of membrane curvature in defining the morphology of cells and organelles, 
playing important roles in maintaining certain cellular functions,39 and enabling 
trafficking,39 recruiting and localizing shape-responsive proteins.40 Of course, there 
have been experiments and MD simulations investigating the role of membrane 
curvature on lipid diffusion and sorting;41-44 In addition, experiments have shown that 
the energy barrier of lipid flip flop is independent from the membrane curvature for 
both unsupported and supported LBL.45 However, due to the restriction of 
experimental resolution, the details of lipid flip flop are missing. 
In the present study, we employ coarse-grained MD simulations for studying 
the energetics of flip-flop and desorption of lipid molecules in curved LBLs, 
represented by nanoparticle-supported lipid bilayers (NPSLBLs).} Such NPSLBLs 
have been extensively used for targeted delivery of drugs and genes46-50 as well as for 
characterizing curvature-sensitive molecules.51-53 The energetics of lipid flip-flop and 




lipid molecule as a function of its position within the LBL. In order to pinpoint the 
exact impact of the curvature on the flip-flop and desorption energetics, we compare 
our findings with those for a planar-substrate-supported lipid bilayer (PSSLBL). The 
curvature causes the NPSLBL and the PSSLBL to differ significantly from each other 
in terms of area per lipid, inner-to-outer leaflet lipid number ratios, etc. Despite that 
we find that for both the PSSLBL and the NPSLBL, the PMF profiles are very 
similar, establishing, most remarkably, very similar energetics of lipid flip-flop and 
desorption for the cases of PSSLBL and NPSLBL. Therefore, our results establish 
that the curvature has very little effect on the energetics and mechanisms associated 
with the lipid dynamics in supported LBL systems. This is the central result of this 
paper. A detailed analysis of the energetics, quantified through the corresponding 
variation of the PMF, reveal that for both the NPSLBL and the PSSLBL the 
equilibrium position of the lipid molecule is at either of the inner or the outer leaflet, 
while the energetically least favorable locations are the hydrophobic core between the 
two leaflets and the bulk water. In addition, for both the cases, the lipid molecule 
undergoes a rotation of nearly 180 degree as it traverses from the inner (outer) to the 
outer (inner) leaflet (where the lipid molecule is stretched) and occupies a near 
tangential configuration (in a compressed state) in the hydrophobic core.   
4.2 Simulation Set Up 
4.2.1. Self-Assembly of PSSLBL and NPSLBL 
 We used Martini model54 for the simulation. There are two type of NPSLBL 




while system B is made of POPC molecules for lipids and P5 beads for NP. Fig. 
4.1(a) shows the structure of the lipids while Fig. 4.2(b) shows the structure of the 
NP. In Fig. 4.1(c) we show the equilibrated system A and in Fig. 4.1(d) we show the 
equilibrated system B. The details about the self-assembly process of NPSLBL can be 
found in chapter 3 (Fig. 3.2 and Fig. 3.3). After equilibrated the NPSLBL at 340K, 
we decrease the temperature to 310K and equilibrated the system for another 2 𝜇𝑠.  
 For the PSSLBL, the support substrate comprised of Nda54 beads which are 
randomly distributed in a rectangle space of 20nm*20nm*1.6nm. The density of the 
Nda beads is same as the support substrate used in NPSLBL. This initial structure 
was obtained by using packmol55 and we name system as system C. The self-
assembly of system C was shown in figure 4.2.  
 Similar to NPSLBL, we substitute the Nda beads in system C with P5 beads 
and name the new system as system D. To save simulation time, there are only 1250 
POPC molecules randomly distributed above the substrate in the initial structure for 
system D. The self-assembly of system D was shown in figure 4.3.  
 The simulations are started from the initial structure shown in Fig. 4.2 (a) and 
Fig. 4.3 (a). The NAMD software package56 was used to run the Simulations with the 
Martini force field.54 Periodic boundary conditions were employed along with the 
NPT thermostat. The pressure was set to 1 bar, and simulation time step was set to 
40fs. In addition, the temperature was set to 310K. The lipids quickly arranged and 
form an LBL above the substrate, becoming a PSSLBL within 8ns, and the PSSLBL 




were shown in Fig. 4.1(e) and Fig. 4.1(f) respectively. For all the four systems, the 
positions of the NPs are fixed during the simulation. 
In table 1, we have summarized the key differences in the equilibrium 
parameters between the NPSLBL and the PSSLBL. 
 
 System A System B System C System D 
Area per lipid (𝑛𝑚%), inner leaflet 0.61 0.62 0.85 0.87 
Area per lipid (𝑛𝑚%),	outer leaflet 0.88 0.89 0.82 0.86 
Inner-outer lipid number ratio 0.64:1 0.65:1 0.95:1 0.98:1 
 
Table 4.1: Difference in the equilibrium configurations properties between the 
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Figure 1. (a) Martini model of the POPC lipid molecule, where the lipid molecule is 
represented by 13 large spheres (beads). Each of the beads is so labelled that their 
names are identified on the upper row and their types are identified on the bottom 
row (for example, the name of the “golden” color bead is “PO4” and its type is 
“QaL”). The red double arrow shows the definition of 𝑙2, the distances between the 
PO4 beads and the center of C5B, C4B, and C3C beads while the blue double arrow 
shows the definition of 𝑙3, the distances between the PO4 beads and the center of 
C2A, C3A, and C4A beads. The figure has been reproduced from our previous 
paper.2 (b) Snapshot of the NP. (c) Snapshot of system A. (d) snapshot of system B. (e) 
















(a) 0 ps    (b) 4 ns 
 
(c) 8ns 
Figure 4.2: MD simulation snapshots capturing the self-assembly driven 
equilibration of the system C. Below each snapshot, we provide the corresponding 
simulation step at which the snapshot has been taken. The following color codes have 
been used: black: support substrate; light green: hydrophobic tails of POPC 













Figure 4.3: MD simulation snapshots capturing the self-assembly driven 
equilibration of the system D. Below each snapshot, we provide the corresponding 
simulation step at which the snapshot has been taken. The following color codes have 
been used: green: support substrate; light green: hydrophobic tails of POPC 




4.2.2. Potential of Mean force Calculation 
In order to obtain the PMF (quantifying the energetics of lipid flip-flop and 
desorption) for both the NPSLBL and the PSSLBL, we first identify two lipids 
(denoted as star lipids with one located at the inner leaflet and the other located at the 
outer leaflet. Subsequently, we employ the umbrella potential to these two lipids. For 
the NPSLBL, the reaction coordinate was 𝑎 = 𝑅 − 𝑟4 . Here 𝑅  was the distance 
between the PO4 beads of the star lipids and the center of NPSLBL while 𝑟4 was the 
radius of the inner leaflets [see Fig. 4.4(a)]. On the other hand, for the PSSLBL, the 
reaction coordinate, 𝑎 , was set as the distance along the LBL normal direction 
between the PO4 beads of the star lipids and the inner leaflets of the LBL, as 
illustrated in Fig 4.4(a). For both cases, 𝑎 ranged from 0 to 70 Å. The star lipids were 
shifted by 2 	Å  per simulation window, and we considered 35 such simulation 
windows. The 35 initial structures corresponding to the 35 simulation windows were 
obtained by pulling the start lipids to their window location via the umbrella potential 
with a force constant 0f 2.5 kcal mol-1	Å2.  Each simulation window was equilibrated 
for 200ns, followed by a 100ns production run. The PMFs were constructed from the 
simulations by using WHAM57 program. Figs. 4.4(b) and 4.5(b) respectively provide 
the MD simulation based equilibrated structures of the PSSLBL and the NPSLBL. In 
Figs. 4.4(c-f) and 4.5(c-f), we provide the MD simulation snapshots for the different 
positions of the lipid molecules for quantifying the PMF of the lipid flip-flop and 








Figure 4.4: (a) The schematic depiction of the geometry of the PSSLBL. (b) MD 
simulation snapshot of the PSSLBL; only 1/10th of the total number of water 
molecules are displayed for a clearer view. (c-f) Snapshots representing the positions 
(and configurations) of a single lipid molecule (zoomed in the inset showing the 
corresponding lipid configuration) corresponding to its different locations inside and 
outside the LBL of the PSSLBL. These different locations are (c) inner leaflet, a =
0	Å; (d) hydrophobic core, a = 22	Å; (e) outer leaflet, a = 44	Å; (f) bulk water, a =
70	Å. For all the cases we use the following color codes: purple for water; dark green 
for the planar support; light green for the hydrophobic tails of lipids; Bronze for the 
hydrophilic head of the lipids. For figures (c-f), only the hydrophilic heads of the lipid 







Figure 4.5: The schematic depiction of the geometry of the NPSLBL. (b) MD 
simulation snapshot of the NPSLBL; only 1/10th of the total number of water 
molecules are displayed for a clearer view. (c-f) Snapshots representing the positions 
(and configurations) of a single lipid molecule (zoomed in the inset showing the 
corresponding lipid configuration) corresponding to its different locations inside and 
outside the LBL of the NPSLBL. These different locations are (c) inner leaflet, a =
0	Å; (d) hydrophobic core, a = 22	Å; (e) outer leaflet, a = 44	Å; (f) bulk water, a =
70	Å. For all the cases we use the following color codes: purple for water; dark green 
for the planar support; light green for the hydrophobic tails of lipids; Bronze for the 
hydrophilic head of the lipids. For figures (c-f), only the hydrophilic heads of the lipid 





Fig. 4.6 quantifies the energetics of lipid flip-flop and desorption for the 
NPSLBL and the PSSLBL by quantifying the corresponding PMF-vs-a variation. The 
reaction coordinate “𝑎” has been defined in Fig. 4.4(a) and Fig. 4.5(a) (as well as in 
the text above) for the NPSLBL and the PSSLBL, respectively. The results clearly 
indicate that the PMFs are very similar for the two cases (cases of the NPSLBL and 
the PSSLBL) for the three different types of motions:  (a) “flop” motion (when the 
lipid molecule moves from the inner to the outer leaflet), (b) “flip” motion (when the 
lipid molecule moves from the outer to the inner leaflet), and (c) desorption (when the 
lipid molecule moves from the outer leaflet to the bulk water). These results confirm 
the most important finding of this study: the energetics of lipid flip-flop and 
desorption is independent of the curvature in supported LBL systems. In addition to 
this overall finding on the energetics, we dissect the PMF curve to understand the 
position dependent behavior of the lipid molecule during their flip-flop and 
desorption. Invariably, for both the cases of the NPSLBL and the PSSLBL, the most 
stable configurations (or the equilibrium positions) of the lipid molecules are at the 
inner and the outer leaflets. On the other hand, the energetically most unfavorable 
location for the lipid molecule is bulk water. The hydrophobic core between the inner 
and outer leaflets is also energetically unfavorable. As the lipid molecule is pulled 
away from the inner (outer) lipid leaflet towards the inter-leaflet hydrophobic core 
during the flop (flip) motion, the lipid molecule experiences an energy 
unfavourability. This energy unfavourability is due to the hydrophilic head of the 




lipids are closer to the hydrophobic core of the bilayer, the energy unfavourability 
attains a maximum at the boundary between the inner and leaflets and starts to 
decrease to another local minimum at the outer (inner) leaflet during the flop (flip) 
motion. Of course, when the lipids enter into the bulk water from the outer leaflet, the 
energy unfavourability rises significantly and reaches the peak when the lipid 
molecule is completely surrounded by water. It is important to emphasize here that 
the inner and the outer leaflets are entangled/overlapped with each other, i.e., the 
hydrophobic tails of one leaflet penetrates into the hydrophobic space formed by the 
tails of the other leaflet. Such an overlap/entanglement is evident from the fact that 
the thickness of the bilayer is smaller than twice of the length of a lipid molecule. 
Therefore, we define the boundary of the two leaflets as the place where the influence 
of a leaflet becomes dominant. In this work, the influence is evaluated as the 
stationary point in the PMF. 
From Fig. 4.6(a) we can calculate the free energy barrier for flop, flip, and 
desorption are 17.9 ± 1.6 kcal/mol, 19.25 ± 1.6 kcal/mol, and 20.77 ±	1.6  kcal/mol 
respectively , while from Fig. 4(b), we obtain free energy barrier for flop, flip, and 
desorption are 17.59±1.4  kcal/mol,   18.84 ± 1.4  kcal/mol and 21.46±1.4  kcal/mol 
respectively. The error is estimated based on the standard derivation. Experiments 
have reported an energy barrier of 84-113 kJ/mol (20.1-27.7kcal/mol) for the lipid 
flip-flop motion for different PSSLBLs (DMPC, DPPC, and DSPC bilayers) at 20.9 
℃.2 These experimental results match excellently with our simulation findings. From 
the figures, it is noticed that the simulation data is more scattered at the outer leaflets 




which means the shape of LBL is not strictly spherical nor planar, so that one reaction 
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Figure 4.6: Variation of the PMF (with respect to the reaction coordinate a) of a 
single lipid molecule traversing inside the LBL during the flip and the flop motions 
and outside the LBL during the desoprtion for the NPSLBL and PSSLBL. (a) system 
A and system C, (b) system B and system D. The solid lines are the averages of the 
simulation data. In the figure, we identify the locations of the lipid bilayer and the 
bulk water as well. Also a = 0	Å represents the location of the inner leaflet for both 








































Fig. 4.7 and Fig. 4.8 show the lengths 𝑙3 and 𝑙2 	of the two hydrophobic tails A 
and B as the lipids move inside and outside the LBL for the cases of NPSLBL and the 
PSSLBL. 𝑙3 and 𝑙2, defined in Fig. 4.1, are the distances between the PO4 beads and 
the center of last three carbon beads of the tails A and B, respectively. Like the PMF 
variation, the variation for the tail length is very much similar for the cases of the 
NPSLBL and the PSSLBL. Both the tails for either of the two cases (NPSLBL or 
PSSLBL) get compressed as the lipid molecule moves from the inner (outer) leaflet to 
the hydrophobic core during the flop (flip) motion. This stems from the tendency of 
the hydrophilic heads to avoid the hydrophobic membrane core. On the other hand, 
both the tails for either of the two cases (NPSLBL or PSSLBL) get stretched as the 
lipid molecule moves from the outer leaflet surface into the bulk water stemming 
from the tendency of the hydrophobic tails of the lipid molecules to remain localized 
in the outer leaflet and not get in contact with water. Finally, when the lipid molecule 
is entirely in the bulk water (i.e., the lipid molecules has undergone desorption from 
the LBL), the molecule attains a coil-like shape to minimize the surface area: 
therefore, the lengths 𝑙3 and 𝑙2 significantly decreases in the bulk water for both the 









   (a)     (b) 
Figure 4.7: Variation of the tail lengths 𝑙3 for the star lipid molecules traversing 
inside and outside the LBL for the NPSLBL and the PSSLBL. 𝑙3 have been defined in 
Fig. 1(a).   (a) system A and C (b) system B and D. We identify the locations of the 
lipid bilayer as well as the bulk water. Also 𝑎 = 0	Å represents the location of the 









































   (a)       (b) 
Figure 4.8: Variation of the tail lengths 𝑙2 	for the star lipid molecules traversing 
inside and outside the LBL for the NPSLBL and the PSSLBL. 𝑙2 have been defined in 
Fig. 1(a).   (a) system A and C (b) system B and D. We identify the locations of the 
lipid bilayer as well as the bulk water. Also 𝑎 = 0	Å represents the location of the 













































Finally, Fig. 4.9 shows the orientation of the star lipid molecules (defined 
earlier) as a function of the reaction coordinate	𝑎. Fig. 4.4(a) and Fig. 4.5(a) provide 
the definition of 𝜃  for the PSSLBL and the NPSLBL, respectively. For both the 
PSSLBL and the NPSLBL, the star lipids are anti-parallel to the membrane normal 
[also defined in Figs. 4.2(a) and 4.3(a)] at the inner leaflet (as a consequence, 𝜃 is 
nearly 180 degree), become perpendicular to the membrane normal when they 
approach the hydrophobic core (as a consequence, 𝜃  is close to 90 degree), and 
finally become parallel to the membrane normal at the outer leaflet (as a consequence, 
𝜃 is close to 0 degree). The star lipids retain this orientation (at the outer leaflet) until 
become fully merged into the bulk water where they become coil like, and the 
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Figure 4.9: Variation of 𝜃 (See Fig. 4.2 and Fig.4. 3 for definition) for the start lipid 
molecules as it traverses the LBL for both the PSSLBL and the NPSLBL. (a) system A 
and C (b) system B and D. We identify the locations of the lipid bilayer as well as the 
bulk water. Also 𝑎 = 0	Å represents the location of the inner leaflet for both the 






































To summarize, in this chapter we study an extremely important problem of the 
role of curvature on the energetics of lipid flip-flop and desorption on supported 
LBLs. Considering NPSLBL and PSSLBL as respective examples of supported 
curved and non-curved LBLs, our findings establish a highly intriguing finding: the 
energetics of lipid flip-flop and desorption are independent of curvature, which agrees 
with experimental findings57. This is most remarkable, given the significant variation 
in the number distribution as well as area per unit lipid (in the two leaflets) between 
the cases of NPSLBL and the PSSLBL. such a situation allows us to interpret the 
energetics of lipid motion within the bilayers of different sized vesicles by simply 
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Chapter 5: Physical Basis for Membrane Curvature Sensing 
Revealed by Molecular Dynamics Simulation* 
Abstract: Certain amphipathic alpha helix-harboring proteins can bind 
preferentially to micron-scale positively curved (convex) membranes, which can drive 
subcellular localization of those proteins. Despite increased mechanistic 
understanding of how this occurs, the molecular differences between differently 
curved membranes at this scale that can allow membrane shape-sensing proteins to 
discriminate between them are unknown. Here we employ Molecular Dynamics (MD) 
simulations to probe the membrane interaction of SpoVM, a small amphipathic alpha 
helical bacterial protein that preferentially localizes to convex membranes. We 
investigate the energetics of SpoVM binding to two membrane systems of widely 
varying curvatures: a planar substrate supported lipid bilayer representing a non-
curved membrane system and a nanoparticle-supported lipid bilayer representing a 
highly curved membrane system. We identify five different contributions that drive the 
energetics of protein adsorption to the differently curved membrane systems and 
identify that the dictating contribution comes from the energetics associated with 
migration of the protein from the membrane-bound to unbound state. We show that 
the interplay of electrostatic interactions between the lipid head groups and charged 
residues of the protein, combined with hydrophobic interactions between the lipid 
 
*The contents of this Chapter will be submitted for publication as the following journal article: Jing, 
H.; Wang, Y.; Ramamurthi, K. S.; Das, S. “Physical Basis for Membrane Curvature Sensing Revealed 




tails and hydrophobic residues of the protein, is more favorable in highly curved 
membranes. Our model therefore proposes that differential interaction of SpoVM 
with phospholipid head groups and acyl chains of differently curved membranes 
mediates preferential desorption of the protein from membranes of unfavorable 
curvature.   
5.1. Introduction 
Over the last few decades, experiments have revealed that amphipathic alpha 
helix protein can sense membrane curvature, which plays an important role in protein 
localization.1-4 However, the exact mechanism of such membrane sensing by proteins 
remains unclear stemming from the fact that amphipathic alpha helix binding to 
membrane are expected to be governed by the competition of several effects, 
including stereospecificity, hydrophobicity, and electrostatics.5 There are three 
hypotheses to explain the mechanism of sensing membrane curvature by amphipathic 
alpha helix protein: (a) one can find more number of defects at the surface of 
membranes with higher curvatures, which in turn dictates the membrane curvature 
sensing by the proteins;6-8 (b) the packing of the acyl chains of lipids, which is a 
function of membrane curvature, regulates the membrane sensing by the proteins;9 (c) 
the folding of protein and protein absorption are coupled and larger curvatures 
facilitate protein folding thereby facilitating membrane sensing by the proteins (the 
Velcro model).5 It is difficult to experimentally reveal the exact preferred mechanism 
of membrane sensing by proteins due to the requirement of atomistic-scale 
resolution.5 In this study, we employ Molecular Dynamics (MD) simulations to reveal 




alpha helix protein). SpoVM is involved in the spore formation in the bacterium 
Bacillus subtilis.9-11 SpoVM binds to the only available convex membrane surface in 
the bacterium cell, namely the outer surface of the forespore (which is an aspherical 
internal organelle that is elaborated by the rod shape bacterium and evolves into a 
dormant spore).12 In vitro experiments showed that the SpoVM is a membrane 
curvature sensing protein as it prefers the convex membrane with higher curvature.4  
Our calculations consider two representative examples of membranes with 
large differences in curvatures: they are planar substrate supported lipid bilayer 
(PSSLBL) representing a flat (non-curved) membrane system and a nanoparticle 
supported lipid bilayer (NPSLBL) representing a highly curved membrane system. 
The mechanism of membrane curvature sensing by the SpoVM, is quantified by 
scrutinizing the differences in the energetics of the SpoVM binding to the PSSLBL 
and the NPSLBL. Our calculations consider as many as five different contributions 
constituting the energetics of protein binding to the differently curved membrane 
systems. Among these contributions, we unravel that the contribution associated with 
the migration of the SpoVM from the membrane to the bulk, dictated by the 
combination of the protein-lipid-heads electrostatic (hydrophilic) and protein-lipid-
tails hydrophobic interactions, dominates and is more favorable for the NPSLBL 
system. Accordingly, we infer that the SpoVM molecule would show a larger 
preference to bind to the NPSLBL system (i.e., the highly curved membrane system): 





5.2 Simulation Set Up 
5.2.1. SpoVM absorbed to the PSSLBL 
Fig. 5.1(a) shows the 3D structure of the SpoVM protein, which is obtained 
from the experiments and the all atom MD simulations conducted by Gill et al.13. The 
all atom model was coarse grained, as shown in Fig 5.1(c), by using the Martini 
Model14 by via the CG Builder of NAMD15.  
 The SpoVM was initially placed in the bulk water 1.5 nm away from the 
upper surface of the self-assembled PSSLBL discussed in Chapter 4, as shown in Fig. 
5.2(a). After 0.1 𝜇𝑠  of simulations, the SpoVM absorbed to the PSSLBL 
spontaneously. The entire structure was then equilibrated for another 0.5 𝜇𝑠, resulting 
in the structure as elucidated in Fig. 5.2(b).   
After obtaining these two initial configurations, the SpoVM was decoupled 
from the LBL of PSSLBL by the applied umbrella potential16 and the corresponding 
restraints. Therefore, the binding free energy is the opposite of the decoupling free 
energy. 
 
(a)     (b)    (c) 
 
Figure 5. 1: Model of SpoVM 
(a) molecular Structure of SpoVM. (b) Helix wheel plot of SpoVM. (c) Coarse grained 
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Figure 5. 2: SpoVM absorbed to PSSLBL 
(a) MD simulation snapshot of the initial configuration of the SopVM protein 
approaching a self-assembled equilibrated PSSLBL. (b) MD simulation snapshot of 
the SpoVM absorbed to the PSSLBL. (c) snapshot shows the position of the protein in 
the LBL. The color code is arranged as: orange: hydrophilic heads of the lipids; 







Figure 5. 3: Schematic of the relative position between SpoVM and PSSLBL 
Schematic showing the relative position between SpoVM and PSSLBL and defining 
the different reaction coordinates needed (such as θ, ω, h…) to compute the various 














In Fig. 5.3, we show the definition of three Euler angle 𝜃, 𝜔 , 𝛾 , and the 
distance ℎ. Umbrella Sampling16 was used to calculate the PMFs needed to obtain 
ΔGX (where X= C, θ, ω, B, and a).  
5.2.2. SpoVM absorbed to the NPSLBL 
The SpoVM was initially placed in the bulk 1.5 nm away from the outer 
surface of the self-assembled NSSLBL discussed in Chapter 4, as shown in Fig. 
5.4(a). After 0.1 𝜇𝑠 simulations, the SpoVM absorbed to the NSSLBL spontaneously. 
The entire structure was then equilibrated for 1 𝜇𝑠, resulting in the structure as shown 
in Fig. 5.4(b). 
As indicated by Gill et al.,13 the helical region of the protein is deeply buried 
inside the lipid bilayer. The same configuration is also observed in our simulations, as 
elucidated in Figs. 5.2(c) and 5.4(c).   
After obtaining these two initial configurations, the SpoVM was decoupled 
from the LBL of NPSLBL by the applied umbrella potential and the corresponding 
restraints, Therefore, the binding free energy is the opposite of the decoupling free 
energy. 
In Fig. 5.5, we show the definition of three Euler angle 𝜃, 𝜔 , 𝛾 , and the 
distance 𝑟 . The first polar angle 𝜑  is the angle between 𝑟  vector and 𝑧  axis; The 
second polar angle	𝜙 is the projection of angle between 𝑟 vector and 𝑥 axis to the 
𝑥𝑦	plane. Umbrella Sampling was used to calculate the PMFs needed to obtain ΔGX 











Figure 5. 4: SpoVM absorbed to NPSLBL 
MD simulation snapshot of the initial configuration of the SopVM protein 
approaching a self-assembled equilibrated NPSLBL. (b) MD simulation snapshot of 
the SpoVM absorbed to the NPSLBL. (c) snapshot shows the position of the protein in 
the LBL. The color code is arranged as: orange: hydrophilic heads of the lipids; 








Figure 5. 5: Schematic of the relative position between SpoVM and NPSLBL 
Schematic showing the relative position between SpoVM and NPSLBL and defining 
the different reaction coordinates needed (such as θ, ω, h……) to compute the various 





5.3 Free Energy Calculation 
The free energy change associated with the protein binding to the membrane 
(such preferential binding is the mechanism of membrane curvature sensing by the 
proteins) comprises of five different contributions, reduced from eight contributions, 
as identified by Ref. 17 and 18, due to the isotropy of the membrane surface. These 
contributions, which would be computed from the different PMFs obtained with 
specific reaction coordinates (and restraining other coordinates), are as follow: 1) the 
free energy change ΔGC associated with deforming the protein in the bilayer 
(quantified by the root mean square deviation (RMSD) of the protein inside the 
membrane, rmsdm; hence rmsdm will serve as the reaction coordinate for calculating 
the PMF needed to compute ΔGC) with respect to the conformation of the protein in 
the membrane, 2) the free energy change ΔGθ associated with reorienting the protein 
in the bilayer about the first Euler angle θ (hence θ will serve as the reaction 
coordinate for calculating the PMF needed to compute ΔGθ) keeping the 
conformation of the protein restrained, 3) the free energy change ΔGω associated with 
reorienting the protein in the bilayer about the second Euler angle ω (hence ω will 
serve as the reaction coordinate for calculating the PMF needed to compute ΔGω) 
keeping the protein conformation in the bilayer as well as the first Euler angle 
restrained, 4) the free energy change ΔGa associated with changing the position of the 
center of the protein from the membrane to the bulk water with the protein 
conformation in the bilayer as well as both the Euler angles restrained [here a, which 
is defined differently for the PSSLBL and the NPSLBL (see Figs. 5.3, 5.5), serves as 




free energy change ∆GB associated with the deformation of the protein in the bulk 
water with respect to the conformation of the protein in the membrane and quantified 
by the root mean square deviation of the protein inside the bulk rmsdB (hence rmsdB 
will serve as the reaction coordinate for calculating the PMF needed to compute ΔGB; 
∆GB is expected to be the same for the PSSLBL and NPSLBL). The free energy 
changes with respect to the third Euler angle and the two polar angles can be 
neglected because the PSSLBL is isotropic in the x and y directions and the NPSLBL 
is isotropic in the latitudinal and longitudinal directions.  
The force constant for 𝑟𝑚𝑠𝑑5, the reaction coordinate to calculate the PMF 
that leads to the calculation of ΔGC, is 10 kcal/(𝑚𝑜𝑙 ∙ Å%), and 𝑟𝑚𝑠𝑑5 was shifted 1 
Å%  per simulation window, and there are 10 simulation windows. The force constant 
for 𝜃, the reaction coordinate to calculate the PMF that leads to the calculation of 
ΔGθ, is 1 kcal/(𝑚𝑜𝑙 ∙ 𝑑𝑒𝑔𝑟𝑒𝑒%), and 𝜃 is shifted 4 degree per simulation window, and 
there are 10 simulation windows. The force constant for 𝜔, the reaction coordinate to 
calculate the PMF that leads to the calculation of ΔGω, is 1 kcal/(𝑚𝑜𝑙 ∙ 𝑑𝑒𝑔𝑟𝑒𝑒%), and 
𝜔 is shifted 4 degree per simulation window, and there are 10 simulation windows. 
The force constant for 𝑟, which are used as a reaction coordinate to calculate the PMF 
that leads to the calculation of ΔGa, is 2.5 kcal/(𝑚𝑜𝑙 ∙ Å%), and 𝑟 is shifted 2	Å per 
simulation window, and there are 15 simulation windows. The reaction coordinate 
𝑎 = 𝑟 − 𝑟4, where 𝑟4 is the initial value of 𝑟 as protein binding to the membrane. The 
force constant for 𝑟𝑚𝑠𝑑2, the reaction coordinate to calculate the PMF that leads to 
the calculation of ΔGB, is 10 kcal/(𝑚𝑜𝑙 ∙ Å%) , and rmsdB was shifted 1 Å%   per 




All PMF simulations are carried out by using NAMD15 software, with martini 
force field14 and NPT thermostats. The temperature is set to 310 K, and the pressure 
is set to 1 bar. All molecules are coarse grained by using Martini Model14.  
Under these circumstances, the total free energy change can accordingly be 
expressed as:16 
       (5.1) 
In eq. (5.1), in addition to the contributions described above, we also account for ∆GO 
(expressed later), which represents the free energy change associated with the loss of 
entropy due to the restraints on θ and ω (describe above) in bulk water. In eq. (5.1) 
the free energy changes ΔGX (with X=C, θ, ω, or B), which represents the entropy lost 
due to the applied restraints, can be expressed as: 
      (5.2) 
In eq.(5.2), HX is the PMF obtained from the simulations,  (X is the 
reaction coordinate, X0 is the equilibrium position, and k is the force constant) is the 
restraint potential imposed on the protein, and  (kB is the Boltzmann constant 
and T is the temperature).  
Secondly, we can express ΔGa appearing in eq. (5.1) as: 
      (5.3) 
In eq.(5.3), C = 1/1661Å3
 
is the standard concentration,18 A is a reference point far 
from the membrane, and Ha(s) is the PMF associated with changing the position of 
−ΔG0 = ΔGC + ΔGθ + ΔGω + ΔGa − ΔGB − ΔGO .
ΔGX =
dX exp −βHX( )∫















the center of the protein from the membrane to the bulk water under the conditions 
where the protein conformation within the membrane and both the Euler angles are 
restrained. It is useful to note that ΔGa is independent of the choice of A.17  
Finally, ∆GO appearing in eq. (5.1) can be expressed as:  
    (5.4) 
where uθ and uω are provided through the generic expression of uX [please see below 
eq. (5.2)].  
Table 5. 1: Free energy changes corresponding to different restraints and 
reaction coordinates 
ΔGX (kcal/mol) PSSLBL NPSLBL ΔΔGX 
ΔGC 0.67±0.00 0.66±0.00 0.01 
ΔGθ 0.57±0.00 0.73±0.00 -0.16 
ΔGω 1.01±0.00 0.87 0.14 
ΔGB 0.79 0.79 0 
ΔGa 40.30±0.01 43.23±0.01 -2.93±0.02 
ΔGO 4.20 4.20 0 



















Figure 5. 6: PMF corresponding to different reaction coordiantes 
 (a) PMF (HC) as a function of rmsdm when protein is binding to the membrane for 
the NPSLBL and the PSSLBL. (b) PMF (Hθ) as a function of θ* for both the NPSLBL 
and the PSSLBL with rmsdm set to 0. In the figure, 𝜃∗ = 𝜃 − 𝜃*, where 𝜃*=1.95 for 
NPSLBL and 𝜃*=1.06 for PSSLBL. c) PMF (Hω) as a function of ω* for both the 
NPSLBL and the PSSLBL with rmsdm set to 0 for both the NPSLBL and the PSSLBL 
and θ set to 1.34 and 2.16 for the PSSLBL and the NPSLBL, respectively. In the 
figure, 𝜔∗ = 𝜔 − 𝜔*, where 𝜔*=2.27 for NPSLBL and 𝜔*=-3.07 for PSSLBL (d) 
PMF (Ha) as a function of a for both the NPSLBL and the PSSLBL with rmsdm set to 
0 for both the NPSLBL and the PSSLBL, θ set to 1.34 and 2.16 for the PSSLBL and 
the NPSLBL, respectively, and ω set to −2.69 and 2.65 for the PSSLBL and the 







Figs. 5.6(a-e) provide the PMFs needed to calculate ΔGX (with X=C, θ, ω, or 
B) and ΔGa for the SpoVM protein interacting with both the PSSLBL and NPSLBL. 
The corresponding free energy change obtained by integration [see eq. (5.2) and eq. 
5.3)], have been listed in Table I. Fig. 5.6(a) provides the variation of the PMF (HC) 
of the SpoVM molecule, needed to calculate the corresponding ΔGC, with the 
reaction coordinate rmsdm for both the PSSLBL and the NPSLBL. The results show a 
slightly larger ΔGC (i.e., a more favorable overall ΔG; ΔG and ΔGC have opposite 
signs, see eq. 5.1) for the PSSLBL (see Table 5.1). As a result, the high curvature 
plays an insignificant role in facilitating the folding of SpoVM. Next, we study the 
variation of the PMFs (Hθ and Hω), used to compute the free energy changes ΔGθ and 
ΔGω, as functions of corresponding reaction coordinates θ and ω for both the 
PSSLBL and the NPSLBL. Changing the first Euler angle θ for the SpoVM is harder 
in the PSSLBL than that in NPSLBL, while it is easier to change the second Euler 
angle ω for the SpoVM in the PSSLBL than in the NPSLBL. Accordingly, the free 
energy change ΔGω is lower for NPSLBL (i.e., leads to less favorable overall energy 
change ΔG for the NPSLBL; ΔG and ΔGω have opposite signs, see eq. 5.1) and ΔGθ 
is lower for the PSSLBL (i.e., leads to less favorable overall energy change ΔG for 
the PSSLBL; ΔG and ΔGθ have opposite signs, see eq. 5.1). The protein deformation 
and rotation with respect to the second Euler angle occurs at the outer membrane 
surface (i.e., the outer leaflet of the LBL); accordingly, ΔGω depends on the extent of 
defects present on the outer leaflet.  The surface area per lipid at the outer leaflet is 




there are more defects (here defects refer to the presence of the low-density region 
rather than a real hole) at the outer surface of NPSLBL and accordingly, ΔGω is 
smaller (i.e., change in the Euler angle ω occurs with a lesser resistance due to the 
presence of more defects or less compactness of the outer leaflet) for the NPSLBL. 
However, the protein rotation with respect to the first Euler angle occurs at the 
hydrophobic core, which is denser in the NPSLBL as compared to PSSLBL, see Fig. 
5.7. As a result, the free energy change, ΔGθ, is lower for the PSSLBL. These two 
effects are well balanced as .  In Fig. 5.6(d), we study the 
change in PMF (Ha) needed to compute the corresponding change in the free energy 
component ΔGa by changing the position of the protein from the membrane to the 
bulk water for both the NPSLBL and the PSSLBL. Therefore, for both the cases, the 
reaction coordinate is a, which is defined differently for the PSSLBL and NPSLBL 
and provided a measure of the distance of the protein from the LBL of the PSSLBL 
and the NPSLBL. A smaller ΔGa for the PSSLBL suggests a less favorable overall 
free energy change ΔG (having a sign opposite to that of ΔGa, please see eq. 5.1). 
Physically, such a variation of ΔGa is an overall effect of the different packing of the 
hydrophilic head (this packing is larger for the PSSLBL and hence the resistance is 
larger for the SpoVM interacting with the PSSLBL) and hydrophobic tails of the lipid 
bilayer (this packing is larger for the NPSLBL and hence the resistance is larger for 
the SpoVM interacting with the NPSLBL) as electrostatics interactions rely on the 
packing of the hydrophilic head while hydrophobic interaction relies on the packing 
of the hydrophobic tails. Finally, in Fig. 5.6(e), we provide the variation of PMF (HB), 
needed to compute the free energy change ΔGB, with the variation of the 




corresponding reaction coordinate rmsdB. Variation of HB and hence ΔGB (see Table 
I) are identical for the cases of PSSLBL and the NPSLBL as is the value of ΔGO (see 
Table I). From a comparison of the values associated with the different components 
of the free energies, we can clearly see that ΔGa plays the most dominant role in 
determining the overall ΔG associated with the SpoVM binding to the membrane as a 
function of the membrane curvature.  This overall ΔG is smaller for the case where 
the SpoVM binds to the NPSLBL as compared to the case where the SpoVM binds to 
the PSSLBL, confirming the preference of the SpoVM to favorably bind to the 
convexly curved LBL as compared to the planar LBL. This establishes for the first 
time a definite proof of the mechanism that is involved in a protein molecule sensing 
membrane curvature: our results establish that SpoVM preferentially senses the 
membrane curvature driven primarily by the free energy changes associated with the 
migration of the SpoVM molecule from the LBL to the bulk, and the structure basis 
for the SpoVM membrane sensing is that higher curvature cause more loosely 
packing of the hydrophilic heads of the LBL and more densely packing of the acyl 
chains of the LBL. 
We adopted the following equations proposed by Zhu et al.19 to evaluate the 
error of PMFs: 
𝑒78 = (𝑘∆𝑥)% _
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In the above equation, 𝑒78 is the error between the kth and jth simulation windows. k is 
the harmonic force constant used in the umbrella biasing potential, ∆𝑥 is the distance 
between two simulation windows, 𝑣𝑎𝑟(?̅?C) is the variances of the mean coordinates 













.FD*HE4   (5.5) 
In Eq. 5.5, the time series 𝑥CG	 is obtained from the simulation of ith simulation 
window, which is distributed into n blocks of size m. In practice, n is usually between 
5 and 10. After obtaining 𝑒78  corresponding to each reaction coordinate 
corresponding to X, the error of the ΔGX is calculated by taking 𝑒78  into the 
corresponding equations (Eq. 5.2 and Eq. 5.3). 
 The values of the free energy change of SpoVM absorption to LBLs obtained 
in our simulations are higher than the experiments reported by Gill et al9, in which the 
free energy change, converted from the experimental equilibrium constant, is -7.71 
kcal/mol for 8um diameter NPSLBL and -8.4 kcal/mol for 2um diameter NPSLBL. 
We attribute the difference to the fact that (1) we cannot simulate the SpoVM folding 
in the MD and the folding of SpoVM can result in significant free energy change, 2) 
POPC is used in MD while different type of lipids is used in the experiment, and 3) 




In this paper, we have carried out coarse-grained MD simulation to quantify 
the mechanism of membrane curvature sensing by the SpoVM by separately 
calculating the free energy changes associated with the binding of the SpoVM 
molecule to the PSSLBL (representing non-curved membrane system) and NPSLBL 




sense the membrane curvature and prefer to bind to the curved membrane rather than 
planar membrane as . We pinpoint that the main contribution in 
dictating difference stems from the free energy changes associated with the migration 
of the SpoVM from the membrane to the bulk. In addition, we confirm that the 
defects at the membrane surface and the packing of the acyl chains of lipids are the 
key physical factors that ensure this preferential binding of the SpoVM to the 
NPSLBL. Experiments report the defects at the membrane surface are more dominant 
for highly curved membrane whose radius < 200 nm, while the packing of the acyl 
chains of lipids are more vital for slightly curved membrane whose radius > 2μm. 
Such exact size-based (or equivalently, extent of curvature-based) quantification of 
these different effects in determining the membrane curvature sensing by SpoVM and 
other types of proteins will be topics of future investigations.  
 
 
Figure 5. 7: Density of hydrophobic beads 
Density of the hydrophobic beads in the PSSLBL and NPSLBL. The x axis refers to 
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Chapter 6: Future Development 
 
In Chapters 2 and 3, we conducted MD simulation to study the self-assembly and 
properties of NPSLBL and how the hydrophilicity of the NP can influence the LBL. 
In Chapter 4, the lipid flip-flop and desorption in NPSLBL and PSSLBL were 
simulated using MD, and our results indicated that membrane curvature played non-
significant role in lipid flip-flop and desorption. 
In Chapter 5, we used MD simulation to confirm that the free energy change of 
SpoVM binding to NPSLBL is lower than PSSLBL and we proposed the reason is the 
membrane curvature increase the hydrophobic density of the LBL 
Based on the findings of this dissertation, we anticipate more work can be done to 
better advance this topic in the following areas: 
1) Developing new or modify the current polarizable force fields to enable the correct 
simulation of SpoVM folding. 
2) Carrying out Experiments to confirm the conclusion of Chapter 5. In the 
experiments, the hydrophobic density of the LBL can be modified by using different 
lipid species with the same hydrophilic head group but different hydrophobic tails. 
3) In addition, it will be useful to explore how the free energy changes of the SpoVM 
binding to membrane vary as functions of 1/r, where r is the radius of the NPSLBL.  
4) In chapters 2 and 3, we only investigate how the NPSLBL is influenced by the 
properties of the NP. It would be interesting to see how the lipid types (like charged 
head group, uncharged head group, mixture of different lipids) can affect the 




whether other molecules, like surface protein or cholesterol, can affect the formation 
and properties of the NPSLBL.  
5) The water molecules between the NP and the LBL in the NPSLBL is nanoconfined. 
Thus, it would be interesting to see how this nanoconfinement affects the property of 
the water molecules. We can also explore the possibility of the presence of ions (and 
the corresponding structure of the hydration shells of the ions) between the NP and 
LBL in presence of an added salt? 
6) We can repeat the above study in presence of salts consisting of multivalent ions 
and LBLs consisting of charged lipids.  
 
